12 United States Patent

US009453142B2

(10) Patent No.: US 9,453,142 B2

Rolland et al. 45) Date of Patent: Sep. 27, 2016
(54) POLYURETHANE RESINS HAVING B29L 11/00 (2006.01)
MULTIPLE MECHANISMS OF HARDENING B29L 31/10 (2006.01)
FOR USE IN PRODUCING B29K 105/00 (2006.01)
THREE-DIMENSIONAL OBJECTS B29K 105/16 (20006.01)
B29K 509/00 (2006.01)

(71) Applicant: Carbon3D, Inc., Redwood City, CA (Continued)
(US) (52) U.S. CL
CPC ......... C09D 175/08 (2013.01); B29C 35/0805

(72) Inventors: Jason P. Rolland, San Carlos, CA
(US); Kai Chen, Sunnyvale, CA (US);
Justin Poelma, Goleta, CA (US);
James Goodrich, Phoenix, AZ (US);
Robert Pinschmidt, Carrboro, NC
(US); Joseph M. DeSimone, Los
Gatos, CA (US); Lloyd M. Robeson,
Macungie, PA (US)

(73) Assignee: Carbon3D, Inc., Redwood City, CA
(US)
(*) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

(21) Appl. No.: 14/977,974

(22) Filed: Dec. 22, 2015

(65) Prior Publication Data
US 2016/0137839 Al May 19, 2016

Related U.S. Application Data

(63) Continuation-in-part of application No.
PCT/US2015/036946, filed on Jun. 22, 2015.

(60) Provisional application No. 62/133,642, filed on Mar.
16, 2015, provisional application No. 62/129,187,
filed on Mar. 6, 2015, provisional application No.
62/111,961, filed on Feb. 4, 20135, provisional
application No. 62/101,671, filed on Jan. 9, 2013,
provisional application No. 62/036,161, filed on Aug.
12, 2014, provisional application No. 62/015,780,
filed on Jun. 23, 2014.

(51) Int. CL
CO8F 290/06 (2006.01)
B29C 71/04 (2006.01)
COSF 2/16 (2006.01)
CO8G 61/04 (2006.01)
Co9D 175/08 (2006.01)
GO3F 7/00 (2006.01)
B29C 67/00 (2006.01)
B29D 11/00 (2006.01)
B29C 35/08 (2006.01)
COSK 3/00 (2006.01)
COSK 5/00 (2006.01)
CO8L 75/04 (2006.01)
C09D 135/02 (2006.01)
C09D 175/04 (2006.01)
B33Y 10/00 (2015.01)
B33Y 70/00 (2015.01)
B29K 75/00 (2006.01)
B29K 105/04 (2006.01)

(2013.01); B29C 67/0062 (2013.01); B29C
67/0066 (2013.01);, B29C 67/0081 (2013.01);
B29D 11/00009 (2013.01); B29D 11/00663
(2013.01); CO8K 3/0008 (2013.01); COSK
3/0033 (2013.01); CO8K 5/0008 (2013.01);
CO8K 5/0041 (2013.01); COSL 75/04
(2013.01); CO9D 135/02 (2013.01); CO9D
175/04 (2013.01); GO3F 7/00 (2013.01); B29C
2035/0827 (2013.01); B29C 2035/0855
(2013.01); B29K 2075/00 (2013.01);, B29K
2075/02 (2013.01); B29K 2105/0002
(2013.01); B29K 2105/0058 (2013.01); B29K
2105/043 (2013.01); B29K 2105/16 (2013.01);
B29K 2509/00 (2013.01); B29L 2011/00
(2013.01); B29L 2011/0016 (2013.01); B29L
2011/0075 (2013.01); B29L 2031/001
(2013.01); B29L 2031/10 (2013.01); B33Y
10700 (2014.12); B33Y 70/00 (2014.12);, B33Y

80/00 (2014.12)
(38) Field of Classification Search

CPC i, CO8L 75/04; B33Y 70/00

USPC ... 522/81, 71, 189, 184, 1; 520/1

See application file for complete search history.
(56) References Cited

U.S. PATENT DOCUMENTS

3/1976 Lander
7/1984 Holubka

(Continued)

3,947426 A
4,463,143 A

FOREIGN PATENT DOCUMENTS

CN 1270614 A 10/2000
CN 103029301 A 4/2013
(Continued)

OTHER PUBLICATIONS

Velankar et al, High-Perforamnce UV-curable Urethane Acrylates
via Deblocking Chemustry, 1996, Journal of Applied Polymer
Science, vol. 62, 1361-1376.*

(Continued)

Primary Examiner — Ling Choi

Assistant Examiner — Jessica E Whiteley
(74) Attorney, Agent, or Firm — Myers Bigel & Sibley, P.A.

(57) ABSTRACT

A polymerizable liquid, or resin, useful for the production by
additive manufacturing of a three-dimensional object of
polyurethane, polyurea, or a copolymer thereof, 1s described.
The resin includes at least one of (1) a blocked or reactive
blocked prepolymer, (11) a blocked or reactive blocked
diisocyanate, or (111) a blocked or reactive blocked diisocya-
nate chain extender.

30 Claims, 22 Drawing Sheets



US 9,453,142 B2

Page 2
(51) Imt. CL 7,845,930 B2  12/2010 Shkolnik et al.
a 7,892,474 B2 2/2011 Shkolnik et al.
B33¥ 50/00 (2015.01) 7,894,921 B2 2/2011 John et al.
B29L 31/00 (2006.01) 7,962,238 B2 6/2011 Shkolnik et al.
8,003,040 B2 82011 El-Siblani
(56) References Cited 3,110,135 B2 2/2012 El-Siblani
8,126,580 B2  2/2012 El-Siblani et al.
U.S. PATENT DOCUMENTS 8,286,236 B2  10/2012 Jung et al.
RE43,955 E 2/2013 Shkolnik et al.
. 8,372,330 B2  2/2013 El-Siblani et al.
332%2% Ao TSy Lien etal 8394313 B2 3/2013 El-Siblani ct al.
4,603,168 A 7/1986 Sasaki et al. 8,404,173 B2 3/2013 Cregger
4,801,477 A 1/1989 Fudim 8,465,689 B2 6/2013 Sperry et al.
4961,154 A 10/1990 Pomerantz et al. 8,524,816 B2 9/2013 Badyrka et al.
5,059,359 A 10/1991 Hull et al. 8,658,076 B2 2/2014 El-Siblani
5.122.441 A 6/1907 T awton 8,757,789 B2 6/2014 Van Thillo et al.
5,143,663 A 9/1992 Leyden et al. 9,034,568 B2 52015 McLeod
5143.817 A 0/1992 T.awton et al. 2003/0090034 Al 5/2003 Mulhaupt et al.
5171490 A 12/1992 Fudim 2003/0173713 Al ~ 9/2003 Huang
5.182.056 A 1/1993 Spence ef al. 2004/0052966 Al*  3/2004 Wilke ............... CO8G 3/7%5);1
2’;3%’?23 i ?}}332 E‘;ﬂ;ﬁ;ﬁ ot al 2004/0084520 A1 5/2004 Muehl et al.
5936.637 A %/1993 Hull 2004/0110856 Al 6/2004 Young et al.
5947 180 A 0/1993 Mitcham of al 2005/0048404 A1  3/2005 Okamoto
5963.130 A 11/1993 Pomerantz et al. 2006/0051394 Al 3/2006 Moore et al.
5971882 A 17/1993  Shirahata et al. 2006/0066006 Al 3/2006 Haraldsson et al.
5:310:869 A 5/1004 Tewis et al 2006/0239986 Al 10/2006 Perez-Luna et al.
5,391,072 A 2/1995 Lawton et al. 2007/0063389 Al 3/2007 John
5418112 A 51995 Mirle ef al 2007/0205528 Al 9/2007 Patel et al.
5447 897 A 0/1995 Tull et al 2007/0260349 Al 11/2007 John et al.
5573193 A 6/1996 Nelson 2008/0038396 Al 2/2008 John et al.
5570473 A 6/1996 T.awton et al. 2008/0063867 Al 3/2008 Schlienger et al.
5554336 A 0/1996 Hull 2008/0113293 Al 5/2008 Shkolnik et al
5560431 A 10/1996 Hull 2008/0174050 A1  7/2008 Kikuchi
5573791 A 11/1996 Gillette 2008/0220339 Al 9/2008 Zakrevskyy et al
5507 570 A 1/1997 Smalley ef al. 2009/0020901 Al 1/2009 Schillen et al.
5j6()9j312 A 3/1997 Childers et al. 2009/0061152 Al 3/2009 DeSimmone et al.
$600.813 A 31097 Allison of al 2009/0099600 Al 4/2009 Moore et al.
5630981 A 5/1997 Hull 2009/0130449 Al 5/2009 El-Siblani
S 637160 A £/1097 Hull et al. 2009/0132081 Al 5/2009 Schillen et al
5651934 A 7/1997 Almquist et al. 2009/0146344 A1  6/2009 El-Siblani
5674971 A 10/1997 Regula et al. 2010/0022676 Al 1/2010 Rogers et al.
5j6951708 A 12/1997 Karp et al. 2010/0105794 Al 4/2010 Dietliker et al.
5j732j477 A 3/1998 Toyama 2010/0140850 Al 6/2010 Napadensky et al.
5762.856 A 6/1998 Hull 2010/0249979 Al  9/2010 John et al.
5772 047 A 6/1998 Hull et al 2010/0304088 Al 12/2010 Steeman et al.
S 770,067 A 211008 Hull 2010/0323301 Al 12/2010 Tang
5785018 A 7/1998 Hull 2011/0009992 Al 1/2011 Shkolnik et al
S'914965 A 0/1098 Hull 2011/0062633 Al 3/2011 Shkolnik et al
5824252 A 10/1998 Miyajima 2011/0089610 Al  4/2011 El-Siblani et al.
S'045.058 A /1099 Maaners of al 2011/0101570 A1 5/2011 John et al.
6077304 A 57000 Hull 2011/0196529 Al 82011 Shkolnik et al
6027687 A 2/2000 Almaquist et al. 2011/0260365 Al  10/2011 El-Siblani
6323;hj307 Bl 2/2001 Muhlebach et al. 2012/0007287 Al 1/2012 Vermeer et al.
6391245 Bl 5/2002 Smith 2012/0027964 Al 2/2012 Hood et al.
654515870 Bl 0/2002 DeCato et al. 2012/0080824 Al 4/2012 Sullivan et al.
6550(-)3378 th 12/2002 Smith 2012/0251841 A1 10/2012 Sguthwell et al.
6547552 Bl  4/2003 Fudim 2013/0184384 A1  7/2013 Liu et al.
6.563.207 B2 5/2003 Shinma 2013/0276653 Al  10/2013 Daems et al.
6,652,799 B2  11/2003 Seng et al. 2013/0292862 Al 11/2013 " Joyce
6.942.830 B2  9/2005 Mulhaupt et al. 2013/0295212 A1 11/2013 Chen et al.
7,023,432 B2 4/2006 Fletcher et al. 2013/0304233 Al 11/2013  Dean et al.
7049370 BY 52006 T ettmann of al 2014/0010858 Al 1/2014 Stankus et al.
7052263 B2 5/2006 John 2014/0072806 A1  3/2014 Allen et al.
7:090:910 R2 8/2006 Courtoy et al. 2014/0085620 Al 3/2014 Lobovsky et al.
7,105,584 B2 9/2006 Chambers et al. 2014/0109784 Al 4/2014 DAems et al.
7.195.472 B2 3/2007 John 2014/0265034 A1 9/2014 Dudley
7:300:619 B2  11/2007 Napadensky et al. 2015/0322291 Al1* 11/2015 Salviato ............... CO8G 18/672
7,318,718 B2  1/2008 Ueno 524/591
7,438,846 B2  10/2008 John
7,556,490 B2 7/2009 Wicker et al. FOREIGN PATENT DOCUMENTS
7,573,561 B2 8/2009 Fries
7,629,400 B2 12/2009 Hyman CN 203254661 U 10/2013
7,636,610 B2  12/2009 Schillen et al. CN 103895231 A 7/2014
7,709,544 B2  5/2010 Doyle et al. DE 4125 534 Al 2/1993
7,783,371 B2 8/2010 John et al. DE 93 19 405 /1994
7,790,093 B2 9/2010 Shkolnik et al. DE 93 19 405.6 3/1994
7,794,790 B2 9/2010 Michels et al. DE 43726986 C1  12/1994
7,831,328 B2 11/2010 Schillen et al. DE 20 2013 103 446 Ul 8/2013



US 9,453,142 B2
Page 3

(56) References Cited
FORFEIGN PATENT DOCUMENTS
EP 2955004 A1 12/2015
JP HO8-192469 7/1996
WO WO 99/09103 1/1999
WO WO 01/72501 Al 10/2001
WO WO 2005/110722 A1 11/2005
WO WO 2008/055533 Al 5/2008
WO WO 2008/076184 Al 6/2008
WO WO 2009/003696 A2 1/2009
WO WO 2009/003696 A3 1/2009
WO WO 2009/021256 Al 2/2009
WO WO 2009/053099 Al 4/2009
WO WO 2009/053100 Al 4/2009
WO WO 2009/053100 AS 4/2009
WO WO 2010/064733 Al 6/2010
WO WO 2010/077097 A2 7/2010
WO WO 2011/086450 7/2011
WO WO 2011/111957 A2 9/2011
WO WO 2012/024675 A2 2/2012
WO WO 2012/024675 A3 2/2012
WO WO 2012/024675 A9 2/2012
WO WO 2014/020400 A2 2/2014
WO WO 2014/095724 Al 6/2014
WO WO 2014/126830 A2 8/2014
WO WO 2014/126834 A2 8/2014
WO WO 2014/126837 A2 8/2014
WO WO 2014/165265 Al 10/2014
WO WO 2015/017421 A2 2/2015
WO WO 2015/164234 Al 10/2015
WO WO 2015/195909 A1 12/2015
WO WO 2015/195920 A1 12/2015
WO WO 2015/195924 A1 12/2015
WO WO 2015/200173 A1 12/2015
WO WO 2015/200179 A1 12/2015
WO WO 2015/200189 A1 12/2015
WO WO 2015/200201 A1 12/2015

OTHER PUBLICATIONS

Gerhartz-Quirin B. et al., Blocked Polyisocyanates for 1K-PUR

Stoving Systems, Bayer MaterialScience, May 19, 20009.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2015/036893; Date of Mail-
ing: Sep. 15, 2015; 10 Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2015/036902; Date of Mail-
ing: Sep. 15, 2015; 10 Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2015/036924,; Date of Mail-
ing: Sep. 8, 2015; 11 Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2015/036946, Date of Mail-
ing: Sep. 15, 2015; 10 Pages.

Lee et al. “Advances 1n 3D nano/microfabrication using two-photon
initiated polymerization”, Progress in Polymer Science, vol. 33,
Issue 6, Jun. 2008, pp. 631-681.

Pan Y. et al. “A Fast Mask Projection Stereolithography Process for
Fabricating Digital Models in Minutes”, J. Manufacturing Sci. and
Eng. 134(5), 051011-1, Sep. 10, 2012.

Tassel X. et al. “A new blocking agent of 1socyanates”, European
Polymer Journal, 36(9), 1745-1751 (2000).

Tumbleston et al. “Continuous Liquid Interface Production of 3D
Objects™, Science, 347(6228):1349-1352, 2015, Retrieved from the
internet at URL http://www.scliencemag.org/content/347/6228/
1349 .abstract.

Velankar et al. “High-Performance UV-Curable Urethane Acrylates
via Deblocking Chemistry™, Journal of Applied Polymer Science.,
vol. 62, Issue 9, 1361-1376, Nov. 28, 1996.

Ying et al. “Hydrolyzable Polyureas Bearing Hindered Urea
Bonds”, Journal of the American Chemical Society, 136, 16974-
16977, (2014).

Bhattacharjee et al. “Writing 1n the granular gel medium™, Sci. Adv.,
2015;1:€1500655, Sep. 25, 2015.

Bichler et al. “Functional flexible organic-inorganic hybrid polymer
for tow photon patterning of optical waveguides”, Opftical Materi-
als, vol. 34, Issue 5, Mar. 2012, pp. 772-780.

Infuehr et al. “Functional polymers by two-photon 3D lithography™,
Applied Surface Science, vol. 254, Issue 4, Dec. 15, 2007, pp.
836-840.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2014/065874; pate of Mail-

ing: Feb. 19, 2015; 14 Pages.
Jason P. Rolland Kai Chen Justin Poelma James Goodrich Robert

Pinschmidt Joseph M. DeSimone Lloyd M. Robeson, Methods of
Producing Three-Dimensional Objects from Materials Having Mul-

tiple Mechanisms of Hardening, U.S. Appl. No. 14/977,822.
Jason P. Rolland Kai Chen Justin Poelma James Goodrich Robert

Pinschmidt Joseph M. DeSimone Lloyd M. Robeson, Methods of
Producing Polyurethane Three-Dimensional Objects from Materials

Having Multiple Mechanisms of Hardening, U.S. Appl. No.
14/977,876.

Jason P. Rolland Kai Chen Justin Poelma James Goodrich Robert
Pinschmidt Joseph M. DeSimone Lloyd M. Robeson, Three-Di-

mensional Objects Produced from Materials Having Multiple

Mechanisms of Hardening, U.S. Appl. No. 14/977,938.

Jason P. Rolland Kai Chen Justin Poelma James Goodrich Robert
Pinschmidt Joseph M. DeSimone Lloyd M. Robeson, Polyurethane
Resins Having Multiple Mechanisms of Hardening for Use in
Producing Three-Dimensional Objects, U.S. Appl. No. 14/977,974.
Joseph M. DeSimone Alexander Ermoshkin Edward T. Samulski,
Method and Apparatus for Three-Dimensional Fabrication, U.S.
Appl. No. 14/154,700.

Joseph M. DeSimone Alexander Ermoshkin Nikita Ermoshkin
Edward T. Samulski, Continuous Liquid Interphase Printing, U.S.
Appl. No. 14/456,270.

Joseph M. DeSimone Alexander Ermoshkin Edward T. Samulski,
Method and Apparatus for Three-Dimensional Fabrication, U.S.
Appl. No. 14/937,151.

Joseph M. DeSimone Alexander Ermoshkin Nikita Ermoshkin
Edward T. Samulski, Method and Apparatus for Three-Dimensional
Fabrication with Feed Through Carrier, U.S. Appl. No. 14/937,237.
Joseph M. DeSimone Alexander Ermoshkin Nikita Ermoshkin
Edward T. Samulski, Continuous Liquid Interphase Printing, U.S.
Appl. No. 14/937,304.

Shi J et al. Spatially controlled oxygen inhibition of acrylate
photopolymerization as a new lithography method for high-perfor-
mance organic thin-film transistors. Chemustry of Matenals. 2010;
22(7): 2341-2346.

Pan Y et al. A fast mask projection stereolithography process for
fabricating digital models 1n minutes. Journal of Manufacturing
Science and Engineering. Oct. 2012; 134: 9 pp.

Hribar KC et al. Light-assisted direct-write of 3D functional
biomaterials. Lab Chip. Jan. 2014; 14(2): 268-275.

Ligon SC et al. Strategies to reduce oxygen inhibition In
photoinduced polymerization. Chemical Reviews. 2014, 114: 557-
589,

Jariwala et al. “Exposure controlled projection lithography for
microlens fabrication”, Proc. SPIE 8249, Advanced Fabrication
lechnologies for Micro/Nano Optics and Photonics V. 824917, Feb.
9, 2012.

Jariwala et al. “Real-Time Interferometric Monitoring System For
Exposure Controlled Projection Lithography”, Solid Freeform Fab-
rication Symposium, University of Texas, 2011.

Jeong et al. “UV-assisted capillary force lithography for engineering
biomimetic multiscale hierarchical structures: From lotus leaf to
gecko foot hairs”, Nanoscale, 2009, vol. 1:331-338, The Royal
Society of Chemustry 2009.

Stern S.A. “The ‘Barrer’ Permeability Unit”, Journal of Polymer
Science: Part A-2, vol. 6, p. 1933-1934 (1968).

Thangawng et al. “UV Polymerization of Hydrodynamically
Shaped Fibers”, £SI Lab on a Chip, Royal Society of Chemistry,
2011.

U.S. Appl. No. 61/614,356, filed Mar. 22, 2012, Robert R. McLeod

et al., “Liquid Deposition Photolithography”, 28 pages.



US 9,453,142 B2
Page 4

(56) References Cited
OTHER PUBLICATIONS

Urness et al. “Liquid deposition photolithography for
submicrometer resolution three-dimensional index structuring with
large throughput™, Light. Science & Applications (2013) 2, €56.

Urness et al. “Liquid deposition photolithography for sub-micron
resolution three-dimensional index structuring with large through-
put”, Supplementary Information, 2013, 10 pages.

Urness et al. “Lithographic Fabrication of Multi-Layered Optical
Data Storage”, NLO/ISOM/ODS, 2011 OSA, OME?2, 3 pages.
Urness, Adam C. (2013) Liquid Deposition Photolithography for
Efficient Three Dimensional Structuring, Doctoral Dissertation,
University of Colorado.

Yasuda H. “Permeability of Polymer Membranes to Dissolved
Oxygen”, Journal of Polymer Science, vol. 4, p. 1314-1316 (1966).
Third Party Submission Submitted on May 26, 2015; 6 Pages.
3D Printing Forum, 3D Print Board, Kudo3D Titanl, Same Tech-
nology as Form 1?7, May 30, 2014.

3DSystems, Projet 1200, Micro-SLA, Low-Cost Professional 3D
Printer, 2013, 2 pages.

3DSystems, V-Flash, Personal 3D Printer, 2011, 2 pages.
Adzima, Brian, The Ember Printer: An Open Platform for Software,
Hardware, and Materials Development, Adzima_ UV.ebWest2015,
printed from the internet on Mar. 16, 2015 at URL https://www.
slideshare.net/slideshow/embed_code/45733940.

B9Creator, Topic: PDMS and VAT, Feb. 19, 2013, 3 pages.
B9Creator, Topic: PDMS replacement advice sough: thanks in
advance, Dec. 12, 2012, 2 pages.

B9Creator, Topic: Resin Technology/Discssion, Nov. 30, 2012, 5
pages.

BASEF, The Chemical Company, Photoacid Generator Selection
Guide for the Electronics Industry and Energy Curable Coatings,
2010, 3 pages.

Bylinsky, Gene “Industry’s Amazing New Instant Prototypes”,
Reporter Associate Alicia Hills Moore, Jan. 12, 1998, 12 Pages.
DelViscio, Jefl, “Incredible New 3D Printing Technique Looks Like
Sci-Fr”, Popular Mecharics, Mar. 16, 2015, Retrieved from the
internet at URL hittp://www.popularmechanics.com/technology/
al4586/carbon3d-3d-printer-resin/.

Dendukurn et al. “Continuous-flow lithography for high-throughput
microparticle synthesis”, Nafure Materials, vol. 5, May 2006,
365-369.

Dendukurn et al. “Modeling of Oxygen-Inhibited Free Radical
Photopolymerization in a PDMS Microfluidic Device”, Macromol-
ecules, 2008, 41:8547-8556.

Dendukun et al. “Stop-flow lithography 1n a microfluidic device”,
The Royal Society of Chemistry, Lab on a Chip, 2007, 7:818-828.
Dendukurnt et al. “The Synthesis and Assembly of Polymeric
Microparticles Using Microfluidics”, Adv. Mater. 2009, 21:4071-
4086.

DeSimone J. “What if 3D Printing Was 100x Faster?” TED Pre-
sentation Mar. 2015, Filmed Mar. 16, 2015, Vancouver, BC,
Canada, 11 Pages.

Deutsch S., “3D Printer Prizefight: Makerbot Replicator 2 vs.
Formlabs Form 17, Popular Mechanics, Nov. 14, 2012, 7 pages.
Feltman, Rachel, “This mind-blowing new 3-D printing technique
1s inspired by ‘Terminator 2°7, The Washington Post, Mar. 16, 2015,
Retrieved from the internet at URL http://www.washingtonpost.
com/news/speaking-of-science/wp/2015/03/16/this-new-technol-
ogy-blows-3d-printing-out-of-the-water-literally/.

Hornbeck, Larry J. “Digital Light Processing™ for High-Bright-
ness, High-Resolution Applications™, Texas Instruments, Feb. 1997,
16 Pages.

Hornbeck, Larry J. From cathode rays to digital micromirrors: A
history of electronic projection display technology, Jul.-Sep. 1998,
pp. 7-46.

How It Works—Internet Articles, Texas Instruments, Inc., 1997, 15
Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2014/015486, Date of Mail-
ing: Sep. 30, 2014; 10 Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2014/015497; Date of Mail-
ing: Sep. 24, 2014, 10 Pages.

International Search Report and Written Opinion Corresponding to
International Application No. PCT/US2014/015506; Date of Mail-
ing: Oct. 13, 2014; 10 Pages.

Kickstarter, Form 1: An affordable, professional 3D printer, by
Formlabs, Oct. 26, 2012, 13 pages.

Kudo3D First Print Checklist and PSP Handling Instructions, Ver-
sion 1.0, 2015.

Kudo3D Titan 1—Printing Guide, Revision 1.4, 2015.

Kudo3D Titan 1, (Ruby & Diamond Editions), Build Manual,
Revision 2.0, 2015.

Kudo3D, The Titan 1, High Performance DLP SLA 3D Printer,
2014, 5 pages.

Lemoncurry, Open Source UV Photopolymer DLP 3D Printer, Apr.
30, 2012, 7 pages.

Lemoncurry, Open Source UV Photopolymer DLP 3D Printer, Mar.
4, 2013, 10 pages.

Nordic Patent Institute Patentability Search, Feb. 2, 2016, 40 Pages.
Titsch M. “Kudo3D’s Titan 1 Approaches $400K on Kickstarter”,
Jun. 5, 2014, 4 pages.

Tumbleston et al. “Continuous liquid interface production of 3D

objects™, Science, Mar. 16, 2015, 347, 1349, Accepted Feb. 3, 2015.
Tumbleston et al. Supplementary Materials for Continuous liquid
interface production of 3D objects, Science, Mar. 16, 2015, 347,
1349.

Wohlers, Terry “Eight years of rapid prototyping”, RP Direct, 1997
Directory, 9 Pages.

Protest to Canadian Patent Application No. 2898098, Dated: Dec.
31, 2015; 19 Pages.

Non-final Oflice Action Corresponding to U.S. Appl. No.
14/977,876, Mail Date: Apr. 27, 2016, 44 pages.

Anderson C. “Dreaming in 3D, Wired, Oct. 2012, p. 136-143
(2012).

Atala et al. “Engineering Complex Tissues™, Science Iransiational
Medicine, Nov. 14, 2012, vol. 4, Issue 160, 11 Pages.

Bauer et al. “25” Anniversary Article: A Soft Future: From Robots
and Sensor Skin to Energy Harvesters”, Adv. Marter., 2014, 26,
149-162.

Bauer et al. “High-strength cellular ceramic composites with 3D
microarchitecture”, PNAS, Feb. 18, 2014, vol. 111, No. 7, 2453-
2458.

Bedal B. et al. “Advances 1n Part Accuracy”, Stereolithography and
Other RP&M Technologies, from Rapid Prototyping fo Rapid 1o0l-
ing, Paul F. Jacobs, Ph.D., Society of Manufacturing Engineers, p.
149-181, (1996).

Bertsch, A. et al. “Rapid prototyping of small size objects™, Rapid
Prorotyping Journal, 2000, vol. 6, No. 4, pp. 259-266.

Burns, M. “Automated Fabrication-Improving Productivity in
Manufacturing”, 1993 (ISBN 0-13-119462-3) pp. 40-49.
Chakraborty et al. “Coarse-grained foldable, physical model of the
polypeptide chain”, PNAS, Aug. 13, 2013, vol. 110, No. 33, 13368-
13373.

Chen Y. et al. “A layerless additive manufacturing process based on
CNC accumulation”, Rapid Prototyping Journal, 2011, vol. 17, No.
3, pp. 218-227.

Chi Zhou, “Development of a Multi-material Mask-Image-Projec-
tion-based Stereolithography for the Fabrication of Digital Materi-
als”, Paper, presented at Solid Freeform Fabrication Symposium
2011, held Aug. 8-10, 2011, 16 pages, University of Southern
California, Los Angeles, USA, available at URL http://utwired.engr.
utexas.edw/lfl/symposium/proceedings Archive/pubs/Manuscripts/
2011/2011-06-Zhou.pdf.

Chisholm et al. “3D printed flow plates for the electrolysis of water:
an economic and adaptable approach to device manufacture”,
Energy Environ. Sci, 2014, 7, 3026-3032.

Chor J. et al. “Multiple-matenial stereolithography”, Journal of
Materials Processing Technology, 2011, vol. 211, Issue 3, pp.
318-328.

Chor J.W. et al. “Multi-material microstereolithography”, Int. J.
Adv. Manuf. Technol., 2010, vol. 49, pp. 543-551.




US 9,453,142 B2
Page 5

(56) References Cited
OTHER PUBLICATIONS

Cvetkovic et al. “Three-dimensionally printed biological machines
powered by skeletal muscle” PNAS, Jul. 15, 2014, vol. 111, No. 28,
10125-10130.

Derby B. “Printing and Prototyping of Tissues and Scaffolds”,
Science, vol. 338, Nov. 16, 2012, 921-926.

Deutsch S. “Plastics for 3D Printing”, Make. Ultimate Guide to 3D
Printing 2014, p. 36-37 (2014).

Dougherty D. “A Brief History of Personal 3D Printing”, Make:
Ultimate Guide fo 3D Printing 2014, p. 8 (2014).

Duoss et al. “Three-Dimensional Printing of Elastomeric, Cellular
Architectures with Negative Stifiness™, Adv. Funct. Mater., 2014,
24, 4905-4913.

Envisiontec, Ultra: The Benchmark in 3-Dimensional Desktop
Printing, Technical Data Sheet [no date] from envisiontec.com.
Erkal et al. “3D printed microfluidic devices with integrated ver-
satile and reusable electrodes”, Lab Chip, 2014, 14, 2023-2032.
Gibson et al. Additive Manufacturing Iechnologies: Rapid
Prorotyping to Direct Digital Manufacturing, Spring, New York
2010, 472 Pages.

Gonzalez-Meijome et al. “Determination of Oxygen Permeability in
Soft Contact Lenses Using a Polarographic Method: Estimation of
relevant Physiological Parameters”, Ind. Eng. Chem. Res., 2008, 47,
3619-36209.

Greenemeler L. “To Print the Impossible, Will 3-D printing trans-
form conventional manufacturing?”, Scientific American, May
2013, vol. 308, No. 5, p. 44-47.

Gross et al. “Evaluation of 3D Printing and Its Potential Impact on
Biotechnology and the Chemical Sciences”, Anal. Chem., 2014, 86,
3240-3253.

Han L. et al. “Fabrication of three-dimensional scaffolds for het-
erogeneous ftissue engineering”’, Biomed Microdevices, 2010, No.
12, pp. 721-725.

Han L. et al. “Projection Microfabrication of three-dimensional
scaflolds for tissue engineering”, Journal of Manufacturing Science
and Engineering, 2008, vol. 130, 021005.

Hausmann R. “How to Make the Next Big Thing”, Scientific
American, May 2013, vol. 308, No. 5, p. 35-36.

Huang Y.M. et al. “On-line force monitoring of platform ascending
rapid prototyping system”, Journal of Materials Processing Iech-
nology, 2005, vol. 159, pp. 257-264.

Imamdar A. et al. “Development of an automated multiple material
stereolithography machine”, Proceedings of Annual Solid Freeform
Fabrication Symposium, 2006, Austin, TX, pp. 624-635.

Jacbos, P. “Postprocessing”, Rapid Prototyping & Manufacturing,
Fundamentals of StereoLithography, First Edition, Paul F. Jacobs,
Ph.D., Society of Manufacturing Engineers, p. 221-248. (1992).
Jacobs, P. “Fundamental Process”, Rapid Prototyping & Manufac-
turing, Fundamentals of StereoLithography, First Edition, Paul F.
Jacobs, Ph.D., Society of Manufacturing Engineers, p. 79-110.
(1992).

Kaziunas France A. “3D Printing Buyer’s Guide; Here’s how we
tested, compared, and rated 30 new 3D printers, scanners, and
filament bots”, Make: Ultimate Guide to 3D Printing 2014, p. 56-95
(2014).

Kim H. et al. “Scheduling and process planning for multiple
material stereolithography™, Rapid Prototyping J., 2010, vol. 16,
No. 4, pp. 232-240,

Kim H. et al. “Slice overlap detection algorithm for the process
planning in multiple material stereolithography™, Int. J. Adv. Manuf.

lechnol., 2010, vol. 46, No. 9, pp. 1161-1170,

Kitson et al. “Bringing Crystal Structures to Reality by Three-
Dimensional Printing”, Crystal Growth & Design, 2014, 14, 2720-
2724.

Lipson H. et al. Fabricated: The New World of 3D Printing, 2013
John Wiley & Sons, Indianapolis, Indiana, Chapters 2 & 5, 50 pages.
Lockman C. “Meet Your Maker, A New Approach To Product
Development™, Perspectives, College of Business at the University
of lllinois at Urbana-Champaign, p. 2-5, Spring 2013.

Lu et al. “A digital micro-mirror device-based system for the

microfabrication of complex, spatially patterned tissue engineering
scaffolds™, J Biomed Mater Res, 77A:396-405, 2006.

Maruo S. et al. “Multi-polymer microstereolithography for hybrid
opto-MEMS?”, Proceedings of the 14" IEEE International Confer-
ence on Micro Electro Mechanical Systems (MEMS 2001), 2001,
pp. 151-154.

Merkel et al. *“Gas and Vapor Transport Properties of
Perfluoropolymers™, Chapter 9, Materials Science of Membranes
for Gas and Vapor Separation, John Wiley & Sons, Ltd, 2006,
251-270.

Mohammadi G. “Jiving with Jarvis; what would you do with a
professional 3D printer”’, Make: Ultimate Guide to 3D Printing
2014, p. 38-39 (2014).

Mohammadi G. et al. “Meet seven makers who started their won
companies, Faces of 3D printing”, Make.: Ultimate Guide to 3D
Printing 2014, p. 25-27 (2014).

Newcomb T. “Foot Prints, Your Next Pair of Sneakers Will Be
Printed To Order”, Popular Science, p. 22, Jul. 2013.

P.J. De Jong J. “Innovation Lessons From 3-D Printing”, MIT Sloarn
Management Review, Winter 2013, vol. 54, No. 2, p. 43-52 (2013).
Pearce J. “Building Research Equipment with Free, Open-Source
Hardware™, Science, vol. 337, Sep. 14, 2012, 1303-1304.

Rogers et al. “Materials and Mechanicals for Stretchable Electron-
1cs”, Science, vol. 327, Mar. 26, 2010, 1603-1607.

Royte E. “The Printed World, 3-D Printing Promises A Factory in
Every Home and A Whole Lot More”, Smithsonian, May 2013, p.
50-57 (2013).

Schaedler et al. “Ultralight Metallic Microlattices”, Science, vol.
334, Nov. 18, 2011, 962-965.

Stultz M. “Metal Madness; Move past plastic—use your 3D printer
to cast objects in metal”, Make: Ultimate Guide to 3D Printing
2014, p. 48-49 (2014).

Suh et al. “Using Stop-Flow Lithography To Produce Opaque
Microparticles: Synthesis and Modeling”, Langmuir, 2011, 27,
13813-13819.

Sun C.N. et al. “Projection micro-stereolithography using digital
micro-mirror dynamic mask”, Sensors and Actuators A., 2005, vol.
121, pp. 113-120.

Sun et al. “3D Printing of Interdigitated Li-Ion Microbattery Archi-
tectures”, Adv. Mater., 2013, 25, 4539-4543.

Symes et al. “Integrated 3D-printed reactionware for chemical
synthesis and analysis”, Nature Chemistry, vol. 4, May 2012,
349-354.

Travitzky et al. “Additive Manufacturing of Ceramic-Based Mate-
rials”, Advanced Engineering Materials, vol. 16, No. 6, 2014,
729-754.

Wicker R. et al. “Multiple material micro-fabrication: extending
stereo lithography to tissue engineering and other novel applica-
tions”, Proceedings of Annual Solid Freeform fabrication Sympo-
sium, 2005, Austin, TX, pp. 754-764.

Yagcl et al. “Photoinitiated Polymerization: Advances, Challenges,
and Opportunities”, Macromolecules, 2010, 43, 6245-6260.
Zheng et al. “Ultralight, Ultrastif Mechanical Metamaterials”,
Science, vol. 344, Issue 6190, Jun. 20, 2014, 1373-1377.

* cited by examiner



U.S. Patent Sep. 27, 2016 Sheet 1 of 22 US 9,453,142 B2

.
CARRIER
GRADIENT OF 3D OBJECT
POLYMERIZATION N—
LIQUID

M N e S — 71
e ) O
NI I B T AT CE SURFACE
ETINN I T AR TN POLYMERTZATION
] 1 INHIBITOR
IRRADIATE




U.S. Patent

DLP SYSTEM

HDMI IMAGE SIGNAL

COMPUTER

USB DATA

Sep. 27, 2016

PWM

STAGE POSITION
RINTER COMMANDS

FIG. 3

USB TO
SERIAL  |—p

STAGE
CONTROLLER
START

INITIALLZE MOTOR WAIT FOR

AND SERTAL CONNECTION
OBJECT COGS, FROM COMPUTER
START MAIN COG

MOTOR COG
START

FIG.4

SERIAL C0G
START

Sheet 2 of 22

\ LED DRIVER |

INTENSITY CONTROL

MICRO-
CONTROLLER

US 9,453,142 B2

o

MOTOR STEP ETPER
MOTOR DIRECTION —=  pprveg

WAIT FOR
MODEL
INFORMATION

ASSIGN PINS
AND PIN
DIRECTIONS,
WAIT FOR
COMMAND

(REATE NEW
SERIAL OBJECT
AND INITIALIZE
PINS

ASSIGN
SEND STOP
v ME{‘B COMMAND AFTER
MOTOR FINISH

THE MOTOR COG
HANDLES ALL MOTION
CONTROL FOR THE STAGE'S
MOTOR INCLUDING THE
SPEED ALGORITHM

i

THE SERIAL COG WILL
WAIT FOR DATATO BE
RECIEVED, OR WAIT FOR
A DATA SEND T0 BE
REQUESTED



U.S. Patent Sep. 27, 2016 Sheet 3 of 22 US 9,453,142 B2

MAIN
SOFTWARE
START

FSTABLISH SLICE WITH

INITIALIZE USE CONNECTION GET STL SLICER (ONE
INTERFACE WITH STAGE MODEL MULTILAYER
CONTROLLER FILE IS CREATED

RECEIVE SEND PRINT | SEND MODEL
POSITION COMMAND T0 HEIGHT TO
DATA MICR- MICRO-
OCONTROLLER CONTROLLER

SPLIT THE $VG
FILE INTO
MULTIPLE FILES

[5 ITTIME
T0 DISPLAY THE
NEXT'!.AYER

NO

NO

| [ [y |, | o
(OMI;M-\ND NEXT DATA RENDER

YES

D FIG. 5




U.S. Patent Sep. 27, 2016 Sheet 4 of 22 US 9,453,142 B2

L

FIG. 6

| \ TENSION RING
SPRING PLATE

\ TENSION RING
FILM BASE

FILM

VAT RING
FIG./



U.S. Patent Sep. 27, 2016 Sheet 5 of 22 US 9,453,142 B2

VAT RING
POLYMER FILM
M BAS
Y //% /Z\/TENSION RING
FIG. 8

WAVE SPRING ASSEMBLY

FIG. 10



U.S. Patent Sep. 27, 2016 Sheet 6 of 22 US 9,453,142 B2

o o
1]
(1]

l5

D
0

o -
9 Q o = . |
a
Q
L=

N




of 22

Sheet 7

Sep'2792016

U- S, Patent

]
-y

(7
o
&

o ﬁemﬁ@
SOLYINGY
W N\

\\\\ s\ > \\\\\
A — Yy &
o Y

06

N
AN

L

- o
[p——
[—

100



U.S. Patent

Sep. 27, 2016

118

Sheet 8 of 22

|

-
114 I!!I-, 112

120

A ﬁl O\
=Y | _.
| |,

126 .I

¥

122

FIG. 13

US 9,453,142 B2

102

124



p ,

¢ o

0o o o ° o o
O 0 o o o o o
© 0 o 9 ¢ o 0 o o
O ¢ o [+ ] ° 0 o o
0 o o o o o
9 o O 0 o ° o o
¢ 0o o © o o ° o
%0 0 0o o o
2% 900, °© 0 o
T e

|
116

156

102

152

150

158

154



U.S. Patent Sep. 27, 2016 Sheet 10 of 22 US 9,453,142 B2




U.S. Patent Sep. 27, 2016 Sheet 11 of 22 US 9,453,142 B2

200




U.S. Patent Sep. 27, 2016 Sheet 12 of 22 US 9,453,142 B2

TILING SCENARIO #1: GAP BETWEEN IMAGES

DISTANCE BETWEEN
IMAGES > 0 \

'\ PROJECTED IMAGE#1 . PROJECTED IMAGE #2
130A
LIGHT ENGINE #] LIGHT ENGINE #2
(PROJECTION SYSTEM) (PROJECTION SYSTEM)

SIDE VIEW TWOQ LIGHT ENGINES

Fi6. 1/7A



U.S. Patent Sep. 27, 2016 Sheet 13 of 22 US 9,453,142 B2

TILING SCENARIO #2: NO GAP BETWEEN IMAGES

DISTANCE BETWEEN
IMAGES = 0

PROJECTED IMAGE #1 ( \  PROJECTED IMAGE #2

LIGHT ENGINE #1 LIGHT ENGINE #2
(PROJECTION SYSTEM) (PROJECTION SYSTEM)

SIDE VIEW TWO LIGHT ENGINES

FIG. 1 /B



U.S. Patent Sep. 27, 2016 Sheet 14 of 22 US 9,453,142 B2

TILING SCENARIQ #3: NO GAP BETWEEN IMAGES

DISTANCE BETWEEN ——
IMAGES < 0

PROJECTED IMAGE#1 \ , PROJECTED IMAGE#2
1404 by 1408

LIGHT ENGINE #1 LIGHT ENGINE #2
(PROJECTION SYSTEM) (PROJECTION SYSTEM)

SIDE VIEW TWO LIGHT ENGINES

Fi6. 17(



US 9,453,142 B2

Sheet 15 of 22

Sep. 27, 2016

U.S. Patent

NN

ﬁﬁﬁﬁﬁ

= 7/ 7

5 7
N —

R
SAONNAN
SN //
A\, w //
e N
/ﬂ//!!ﬁllﬂ
Y
\ P/

77 / o/




U.S. Patent Sep. 27, 2016 Sheet 16 of 22 US 9,453,142 B2

//
o

i
/i A'D

306 -111111-='1
/77T

[
Al
-- !’
. |

321

l 330




U.S. Patent Sep. 27, 2016 Sheet 17 of 22 US 9,453,142 B2




U.S. Patent Sep. 27, 2016 Sheet 18 of 22 US 9,453,142 B2

A
—————
————— =EXPOSURE ENABLED
———————— _;|4
!
FIG. 21
Z I
— = EXPOSING IMAGE
|
=
— | | l
=
[
— —
{



U.S. Patent Sep. 27, 2016 Sheet 19 of 22 US 9,453,142 B2

= EXPOSING IMAGE

FI6. 23 f

UPSTROKE ———=r=«——DOWNSTROKE—=

PERIOD OF
DECELERATION

PERIOD OF
ACCELERATION

FI6. 24



US 9,453,142 B2

Sheet 20 of 22

Sep. 27, 2016

U.S. Patent

T‘I
410 Al

vGz 8inbiH

HOLVILINIOLOHA

HIUNFLXH NIVHO

HO—— OH ¥HO/ANY °HN

ANAMN NI IALOVIH

y—o

- N°H

HINWAT1OddHd ALVNVADOSIIU UAHMIO 1
AJLVHNLIYSNA ATIVOINS TAHLA

T

AAYAYAVAVAVAVAVAVAVAVAVA

19 |

V4




US 9,453,142 B2

Sheet 21 of 22

Sep. 27, 2016

U.S. Patent

g6 94nbiH

JOLVILINIOLOHd

ASH
L
_,‘_u_

TOATO/ININVATOL LNIWNDIS LHOS
HO OH

JdO/ANY
CHNANANANANANANANANNANNANANNCH

MIANFLXT NIVHD
HO—— OH HO/AONV ‘HN—— N°H

ININTIA NLOVHH
- y—r

J4MN0 AN

FIVNVAOOS/IA d3XD0'1d
AALVHNLYSNA ATIVOIND TAHLS

\—fie}{m}




US 9,453,142 B2

Sheet 22 of 22

Sep. 27, 2016

U.S. Patent

0GZ ainbi

HOLYILINIOLOHA

TOATOd/ANINVA I0d ANJNDFS L1408
HO OH

HO/ANY
CHNANANANANNANANANNNNNNH

MIANTLXT NIVHD T¥YNOILIaay
HO—— OH HO/ANY °‘HN—— N°H

AN A ANLOVIS

g—r

14O AN JLIVYNVADOSHT ¥3ANTLXT
NIVHD d3Mo014g
JILYHNLYSNA ATIVOINTIAHLT

/(_mi 19 7




US 9,453,142 B2

1

POLYURETHANE RESINS HAVING
MULTIPLE MECHANISMS OF HARDENING
FOR USE IN PRODUCING
THREE-DIMENSIONAL OBJECTS

RELATED APPLICATIONS

This application 1s a continuation-in-part under 35 U.S.C.

111(a) of PCT Application PCT/US2015/036946, filed Jun.
22, 2015, which in turn claims the benefit of U.S. Provi-
sional Patent Applications Ser. Nos. 62/133,642 filed Mar.
16, 2015, 62/129,187 filed Mar. 6, 2015, 62/111,961 filed
Feb. 4, 2015, 62/101,671 filed Jan. 9, 2015, 62/036,161 filed
Aug. 12, 2014, and 62/013,780 filed Jun. 23, 2014, the
disclosure of each which 1s incorporated by reference herein
in its entirety.

FIELD OF THE INVENTION

The present mvention concerns materials, methods and
apparatus for the fabrication of solid three-dimensional
objects from liquid materials, and objects so produced.

BACKGROUND OF THE INVENTION

In conventional additive or three-dimensional fabrication
techniques, construction of a three-dimensional object 1s
performed 1n a step-wise or layer-by-layer manner. In par-
ticular, layer formation 1s performed through solidification
of photo curable resin under the action of visible or UV light
irradiation. Two techniques are known: one in which new
layers are formed at the top surface of the growing object;
the other in which new layers are formed at the bottom
surface of the growing object.

If new layers are formed at the top surface of the growing,
object, then after each irradiation step the object under
construction 1s lowered into the resin “pool,” a new layer of
resin 1s coated on top, and a new irradiation step takes place.
An early example of such a technique 1s given 1n Hull, U.S.
Pat. No. 5,236,637, at FIG. 3. A disadvantage of such “top
down” techniques i1s the need to submerge the growing
object mn a (potentially deep) pool of liqud resin and
reconstitute a precise overlayer of liquid resin.

If new layers are formed at the bottom of the growing
object, then after each irradiation step the object under
construction must be separated from the bottom plate in the
tabrication well. An early example of such a techmque 1s
grven 1in Hull, U.S. Pat. No. 5,236,637, at F1G. 4. While such
“bottom up” techniques hold the potential to eliminate the
need for a deep well 1n which the object 1s submerged by
instead lifting the object out of a relatively shallow well or
pool, a problem with such “bottom up” fabrication tech-
niques, as commercially implemented, i1s that extreme care
must be taken, and additional mechanical elements
employed, when separating the solidified layer from the
bottom plate due to physical and chemical interactions
therebetween. For example, in U.S. Pat. No. 7,438,846, an
clastic separation layer 1s used to achieve “non-destructive”
separation of solidified maternial at the bottom construction
plane. Other approaches, such as the B9Creator™ 3-dimen-
sional printer marketed by B9Creations of Deadwood, S.
Dak., USA, employ a sliding build plate. See, e.g., M. Joyce,
US Patent App. 2013/0292862 and Y. Chen et al., US Patent
App. 2013/0295212 (both Nov. 7, 2013); see also Y. Pan et
al., J. Manufacturing Sci. and Eng. 134, 051011-1 (October

2012). Such approaches introduce a mechanical step that
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2

may complicate the apparatus, slow the method, and/or
potentially distort the end product.

Continuous processes for producing a three-dimensional
object are suggested at some length with respect to “top
down” techniques 1 U.S. Pat. No. 7,892,474, but this
reference does not explain how they may be implemented in
“bottom up” systems in a manner non-destructive to the
article being produced, which limits the materials which can
be used in the process, and i turn limits the structural
properties ol the objects so produced.

Southwell, Xu et al., US Patent Application Publication
No. 2012/0251841, describe liquid radiation curable resins
for additive fabrication, but these comprise a cationic pho-
toinitiator (and hence are limited 1n the materials which may
be used) and are suggested only for layer by layer fabrica-
tion.

Velankar, Pazos, and Cooper, Journal of Applied Polymer
Science 162, 1361 (1996), describe UV-curable urethane
acrylates formed by a deblocking chemistry, but they are not
suggested for additive manufacturing, and no suggestion 1s
made on how those materials may be adapted to additive
manufacturing.

Accordingly, there 1s a need for new materials and meth-
ods for producing three-dimensional objects by additive
manufacturing that have satisfactory structural properties.

SUMMARY OF THE INVENTION

Described herein are methods, systems and apparatus
(1including associated control methods, systems and appara-
tus), for the production of a three-dimensional object by
additive manufacturing. In preferred (but not necessarily
limiting) embodiments, the method 1s carried out continu-
ously. In preferred (but not necessarily limiting) embodi-
ments, the three-dimensional object 1s produced from a
liguid interface. Hence they are sometimes referred to, for
convenience and not for purposes of limitation, as “continu-
ous liqud interface production,” “continuous liquid inter-
phase printing,” or the like (1.e., “CLIP”). A schematic
representation of an embodiment thereof 1s given 1 FIG. 1
herein.

The present invention provides a method of forming a
three-dimensional object, comprising: (a) (1) providing a
carrier and an optically transparent member having a build
surface, the carrier and the build surface defimng a build
region therebetween, or (11) providing a carrier 1n a polym-
erizable liquid reservorir, the reservoir having a fill level, the
carrier and the fill level defining a build region therebe-
tween; (b) filling the build region with a polymerizable
liquid, the polymerizable liquid comprising a mixture of: (1)
a light polymerizable liquid first component, and (11) a
second solidifiable (or second reactive) component different
from the first component; (¢) wrradiating the build region
with light (through the optically transparent member when
present) to form a solid polymer scaflold from the first
component and advancing (e.g., advancing concurrently—
that 1s, simultaneously, or sequentially in an alternating
fashion with irradiating steps) the carrier away from the
build surface to form a three-dimensional intermediate hav-
ing the same shape as, or a shape to be imparted to, the
three-dimensional object and contaiming the second solidi-
flable component carried in the scaflold 1 unsolidified or
uncured form; and (d) concurrently with or subsequent to the
irradiating step, solidifying and/or curing (e.g., further react-
ing, polymerizing, or chain extending) the second solidifi-
able or reactive component in the three-dimensional inter-
mediate to form the three-dimensional object.
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Optionally, a wash step may be included between forma-
tion of the three-dimensional intermediate and the subse-
quent soliditying and/or curing step (d) which by which the
three-dimensional object 1s formed. Any suitable wash 1i1g-
uid may be employed (e.g., BIO-SOLV™ gsolvent replace-
ment; PURPLE POWER™ degreaser/cleaner; SIMPLE
GREEN® all purpose cleaner; a 50:50 volume:volume
mixture of water and 1sopropanol, etc. See also, U.S. Pat.
No. 5,248.,456).

In some embodiments, the second component comprises:
(1) a polymerizable liqud solubilized 1n or suspended in the
first component; (11) a polymerizable solid solubilized 1n the
first component; or (111) a polymer solubilized 1n the first
component. In other embodiments, the second component
comprises: (1) a polymerizable solid suspended 1n the first
component; or (11) solid thermoplastic or thermoset polymer
particles suspended in the first component.

In some embodiments, the first component comprises a
blocked or reactive blocked prepolymer and (optionally but
in some embodiments preferably) a reactive diluent, and the
second component comprises a chain extender. The first
components react together to form a blocked polymer scat-
fold during the irradiating step, which 1s unblocked by
heating or microwave irradiating during the second step to
in turn react with the chain extender. In some embodiments,
the reactive blocked component comprises a reactive
blocked diisocyanate and/or chain extender, alone or in
combination with a reactive blocked prepolymer, and other
unblocked constituents (e.g., polyisocyanate oligomer, dii-
socyanate, reactive diluents, and/or chain extender).

In some embodiments, reactive blocked blocked prepoly-
mers, diisocyanates, and/or chain extenders are blocked by
reaction ol (1.e., are the reaction product of a reaction
between) a polyisocyanate oligomer, a diisocyanate, and/or
a chain extender with an amine(meth)acrylate, alcohol
(meth)acrylate, maleimide, or n-vinyliformamide monomer
blocking agent.

In some embodiments, the three-dimensional intermedi-
ate 1s collapsible or compressible (e.g., elastic).

In some embodiments, the scallold 1s continuous; 1n other
embodiments, the scaflold 1s discontinuous (e.g., an open or
closed cell foam, which foam may be regular (e.g., geomet-
ric, such as a lattice) or irregular).

In some embodiments, the three-dimensional object com-
prises a polymer blend (e.g., an interpenetrating polymer
network, a semi-interpenetrating polymer network, a
sequential interpenetrating polymer network) formed from
the first component and the second component.

In some embodiments, the polymerizable liquid com-
prises from 1, 2 or 5 percent by weight to 20, 30, 40, 90 or
99 percent by weight of the first component; and from 1, 10,
60, 70 or 80 percent by weight to 95, 98 or 99 percent by
weight of the second component (optionally imncluding one
or more additional components). In other embodiments, the
polymerizable liquid comprises from 1, 2 or 5 percent by
weight to 20, 30, 40, 90 or 99 percent by weight of the
second component; and from 1, 10, 60, 70 or 80 percent by
weight to 95, 98 or 99 percent by weight of the first
component (optionally including one or more additional
components).

In some embodiments, the solidifying and/or curing step
(d) 1s carrnied out concurrently with the 1rradiating step (c)
and: (1) the solidifying and/or curing step 1s carried out by
precipitation; (11) the irradiating step generates heat from the
polymerization of the first component 1n an amount suifli-
cient to thermally solidily or polymerize the second com-
ponent (e.g., to a temperature of 50 or 80 to 100° C., for
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polymerizing polyurethane, polyurea, or copolymer thereof
(e.g., poly(urethane-urea)); and (111) the second component
(e.g., a light or ultraviolet light curable epoxy resin) 1s
solidified by the same light as 1s the first component in the
irradiating step.

In some embodiments, the solidifying and/or curing step
(d) 1s carried out subsequent to the irradiating step (¢) and 1s
carried out by: (1) heating or microwave 1rradiating the
second solidifiable component; (11) irradiating the second
solidifiable component with light at a wavelength different
from that of the light 1n the rradiating step (c); (i11) con-
tacting the second polymerizable component to water; or
(1v) contacting the second polymerizable component to a
catalyst.

In some embodiments, the second component comprises
precursors to a polyurethane, polyurea, or copolymer thereof
(e.g., poly(urethane-urea)), a silicone resin, or natural rub-
ber, and the solidifying and/or curing step is carried out by
heating or microwave 1rradiating.

In some embodiments, the second component comprises
a cationically cured resin (e.g., an epoxy resin or a vinyl
cther) and the solidifying and/or curing step 1s carried out by
irradiating the second solidifiable component with light at a
wavelength different from that of the light in the 1rradiating,
step (C).

In some embodiments, the second component comprises
a precursor to a polyurethane, polyurea, or copolymer
thereof (e.g., poly(urethane-urea)), and the solidifying and/
or curing step 1s carried out by contacting the second
component to water (e.g., 1n liquid, gas, or aerosol form).
Suitable examples of such precursors include, but are not
limited to, those described in B. Baumbach, Silane Termi-
nated Polyurethanes (Bayer MaterialScience 2013).

In some embodiments, the second component comprises
a precursor to a polyurethane, polyurea, or copolymer
thereol (e.g., poly(urethane-urea)), a silicone resin, a ring-
opening metathesis polymerization resin, or a click chem-
1stry resin (alkyne monomers in combination with com-
pound plus an azide monomers), and the solidifying and/or
curing step 1s carried out by contacting the second compo-
nent to a polymerization catalyst (e.g., a metal catalyst such
as a tin catalyst, and/or an amine catalyst, for polyurethane/
polyurea resins; platinum or tin catalysts for silicone resins;
ruthenium catalysts for ring-opening metathesis polymer-
1zation resins; copper catalyst for click chemistry resins;
etc., which catalyst 1s contacted to the article as a liquid
aerosol, by immersion, etc.), or an aminoplast containing
resin, such as one containing N-(alkoxymethyl)acrylamide,
hydroxyl groups, and a blocked acid catalyst.

In some embodiments, the 1rradiating step and/or advanc-
ing step 1s carried out while also concurrently:

(1) continuously maintaining a dead zone (or persistent or
stable liquid interface) of polymerizable liquid in contact
with the build surtace, and

(1) continuously maintaining a gradient of polymerization
zone (e.g., an active surface) between the dead zone and the
solid polymer and 1n contact with each thereof, the gradient
ol polymerization zone comprising the first component 1n
partially cured form.

In some embodiments, the first component comprises a
free radical polymerizable liquid and the inhibitor comprises
oxygen; or the first component comprises an acid-catalyzed
or cationically polymerizable liquid, and the inhibitor com-
prises a base.

In some embodiments, the gradient of polymerization
zone and the dead zone together have a thickness of from 1
to 1000 microns.
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In some embodiments, the gradient of polymerization
zone 1s maintained for a time of at least 5, 10, 20 or 30
seconds, or at least 1 or 2 minutes.

In some embodiments, the advancing 1s carried out at a
cumulative rate of at least 0.1, 1, 10, 100 or 1000 microns
per second.

In some embodiments, the build surface i1s substantially
fixed or stationary in the lateral and/or vertical dimensions.

In some embodiments the method further comprises ver-
tically reciprocating the carrier with respect to the build
surface to enhance or speed the refilling of the build region
with the polymerizable liquid.

A Turther aspect of the invention 1s a polymerizable liquid
substantially as described herein above and below, and/or for
use 1n carrying out a method as described herein.

In some embodiments of the methods and compositions
described above and below, the polymerizable liquid (or
“dual cure resin”) has a viscosity of 100, 200, 500 or 1,000
centipoise or more at room temperature and/or under the
operating conditions of the method, up to a viscosity of
10,000, 20,000, or 350,000 centipoise or more, at room
temperature and/or under the operating conditions of the
method.

One particular embodiment of the inventions disclosed
herein 1s a method of forming a three-dimensional object
comprised of polyurethane, polyurea, or copolymer thereof,
the method comprising: (a) providing a carrier and an
optically transparent member having a build surface, the
carrier and the build surface defining a build region ther-
cbetween; (b) filling the build region with a polymerizable
liquid, the polymerizable liquid comprising at least one of:
(1) a blocked or reactive blocked prepolymer, (11) a blocked
or reactive blocked diisocyante, or (111) a blocked or reactive
blocked diisocyanate chain extender; (¢) irradiating the build
region with light through the optically transparent member
to form a solid blocked polymer scaflold and advancing the
carrier away from the build surface to form a three-dimen-
sional intermediate having the same shape as, or a shape to
be imparted to, the three-dimensional object, with the inter-
mediate containing the chain extender; and then (d) heating,
or microwave 1rradiating the three-dimensional intermediate
suiliciently to form from the three-dimensional intermediate
the three-dimensional object comprised of polyurethane,
polyurea, or copolymer thereof.

In some embodiments, the solidifiable or polymerizable
liquid 1s changed at least once during the method with a
subsequent solidifiable or polymerizable liquid; optionally
where the subsequent solidifiable or polymerizable liquid 1s
cross-reactive with each previous solidifiable or polymeriz-
able liquid during the subsequent curing, to form an object
having a plurality of structural segments covalently coupled
to one another, each structural segment having diflerent
structural (e.g., tensile) properties.

A Turther aspect of the mventions disclosed herein 1s a
polymerizable liqud useful for the production of a three-
dimensional object comprised of polyurethane, polyurea, or
a copolymer thereof by additive manufacturing, the polym-
erizable liquid comprising a mixture of:

(a) at least one constitutent selected from the group
consisting of (1) a blocked or reactive blocked prepoly-
mer, (1) a blocked or reactive blocked diisocyanate,
and (111) a blocked or reactive blocked diisocyanate
chain extender,

(b) optionally at least one additional chain extender,

(c) a photoinitiator,

(d) optionally a polyol and/or a polyamine,

(e) optionally a reactive diluent,
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(1) optionally a non-reactive (1.e., non-reaction initiating)
light absorbing, particularly a ultraviolet light-absorb-
ing, pigment or dye which when present 1s mncluded 1n
an amount of from 0.001 or 0.01 to 10 percent by

weight, and

(g) optionally a filler (e.g. silica, a toughener such as a
core-shell rubber, etc., including combinations
thereot.);

optionally, but 1n some embodiments preferably, subject
to the proviso that the non-reactive light absorbing
pigment or dye 1s present when the at least one con-
stituent 1s only the blocked or reactive blocked pre-
polymer,

In some embodiments, polymerizable liquids used 1n the
present invention include a non-reactive pigment or dye.
Examples include, but are not limited to, (1) titanium dioxide
(e.g., 1n an amount of from 0.05 or 0.1 to 1 or 5 percent by
weight), (1) carbon black (e.g., included 1n an amount of
from 0.05 or 0.1 to 1 or 5 percent by weight), and/or (111) an
organic ultraviolet light absorber such as a hydroxybenzo-
phenone, hydroxyphenylbenzotriazole, oxanilide, benzo-
phenone, thioxanthone, hydroxyphenyltriazine, and/or ben-

zotriazole ultraviolet light absorber (e.g. 1n an amount of
0.001 or 0.005 to 1, 2 or 4 percent by weight).

In some embodiments, a Lewis acid or an oxidizable tin
salt 1s 1ncluded in the polymerizable liquid (e.g., 1n an
amount of from 0.01 or 0.1 to 1 or 2 percent by weight, or
more) 1 an amount eflective to accelerate the formation of
the three-dimensional intermediate object during the pro-
duction thereof.

A Turther aspect of the mventions disclosed herein 1s a
three dimensional object comprised of: (a) a light polymer-
1zed first component; and (b) a second solidified component
(e.g., a further reacted, polymerized or chain extended
component) different from the first component; optionally
but 1n some embodiments preferably subject to the proviso
that: (1) the second component does not contain a cationic
polymerization photoinitiator, and/or (11) the three dimen-
s1onal object 1s produced by the process of continuous liquid
interface production.

In some embodiments, the object further comprises: (¢) a
third solidified (or further reacted, polymerized, or chain
extended) component different from the first and second

component, with the object having at least a first structural

segment and a second structural segment covalently coupled
to one another, the first structural segment comprised of the

second solidified component, the second structural segment
comprised of the third solidified component; and both the
first and second structural segments comprised of the same
or different light polymerized first component.

In some embodiments, the object comprises a polymer
blend formed from the first component and the second
component.

The object may be one that has a shape that cannot be
formed by 1njection molding or casting.

Non-limiting examples and specific embodiments of the
present invention are explained in greater detail in the
drawings herein and the specification set forth below. The
disclosures of all United States Patent references cited
herein are to be incorporated herein by reference in their
entirety.
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BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a schematic illustration of one embodiment of a
method of the present invention.

FIG. 2 1s a perspective view of one embodiment of an
apparatus of the present invention.

FI1G. 3 15 a first flow chart 1llustrating control systems and
methods for carrying out the present invention.

FIG. 4 1s a second flow chart illustrating control systems
and methods for carrying out the present invention.

FI1G. 5 15 a third flow chart illustrating control systems and
methods for carrying out the present invention.

FIG. 6 1s a top view of a 3 inch by 16 inch “high aspect™
rectangular build plate (or “window”) assembly of the

present invention, where the film dimensions are 3.5 inch by
1’7 1nch.

FIG. 7 1s an exploded view of the build plate of FIG. 6,
showing the tension ring and tension ring spring plate.

FIG. 8 1s a side sectional view of the build plates of FIGS.
6-9, showing how the tension member tensions and rigidifies
the polymer film.

FIG. 9 1s a top view of a 2.88 inch diameter round build
plate of the invention, where the film dimension may be 4
inches in diameter.

FIG. 10 1s an exploded view of the build plate of FIG. 8.

FI1G. 11 shows various alternate embodiments of the build
plates of FIGS. 7-10.

FIG. 12 1s a front perspective view ol an apparatus
according to an exemplary embodiment of the invention.

FIG. 13 1s a side view of the apparatus of FIG. 12.

FI1G. 14 1s a rear perspective view of the apparatus of FIG.
12.

FIG. 15 1s a perspective view of a light engine assembly
used with the apparatus of FIG. 12.

FIG. 16 1s a front perspective view ol an apparatus
according to another exemplary embodiment of the mnven-
tion.

FIG. 17A 1s a schematic diagram illustrating tiled images.

FIG. 17B 1s a second schematic diagram illustrating tiled
1mages.

FIG. 17C 1s a third schematic diagram illustrating tiled
1mages.

FIG. 18 1s a front perspective view ol an apparatus
according to another exemplary embodiment of the inven-
tion.

FIG. 19 1s a side view of the apparatus of FIG. 18.

FIG. 20 1s a perspective view of a light engine assembly
used with the apparatus of FIG. 18.

FIG. 21 1s a graphic illustration of a process of the
invention indicating the position of the carrier in relation to
the build surface or plate, where both advancing of the
carrier and 1rradiation of the build region 1s carried out
continuously. Advancing of the carrier 1s illustrated on the
vertical axis, and time 1s 1llustrated on the horizontal axis.

FIG. 22 1s a graphic illustration of another process of the
invention indicating the position of the carrier 1n relation to
the build surface or plate, where both advancing of the
carrier and irradiation of the build region 1s carried out
stepwise, yet the dead zone and gradient of polymerization
are maintained. Advancing of the carrier 1s again 1llustrated
on the vertical axis, and time 1s illustrated on the horizontal
axis.

FI1G. 23 1s a graphic 1llustration of still another process of
the invention indicating the position of the carrier in relation
to the build surface or plate, where both advancing of the
carrier and 1rradiation of the build region 1s carried out
stepwise, the dead zone and gradient of polymerization are
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maintained, and a reciprocating step 1s introduced between
irradiation steps to enhance the tlow of polymerizable liquid

into the build region. Advancing of the carrier 1s again
illustrated on the vertical axis, and time 1s 1llustrated on the
horizontal axis.

FIG. 24 1s a detailed illustration of an reciprocation step
of FIG. 23, showing a period of acceleration occurring
during the upstroke (i.e., a gradual start of the upstroke) and
a period of deceleration occurring during the downstroke
(1.e., a gradual end to the downstroke).

FIG. 25A depicts a dual cure system employing a ther-
mally cleavable end group. 1. Crosslinked blocked diisocya-
nate prepolymer containing unreacted chain extender. II.
Polymer blend of: 1) linear ethylenically unsaturated block-
ing monomer copolymerized with reactive diluent and 11)
linear thermoplastic polyurethane.

FIG. 25B depicts a method of the present invention
carried out with (meth)acrylate blocked diisocyanates (AB-
DIs). I. Crosslinked blocked diisocyanate containing unre-
acted soft segment and chain extender. II. Polymer blend of:
1) linear ethylenically unsaturated blocking monomer copo-
lymerized with reactive diluent and 11) linear thermoplastic
polyurethane.

FIG. 25C depicts a method of the present mvention
carried out with (meth)acrylate blocked chain extenders
(ABCEs). 1. Crosslinked blocked diisocyanate containing
chain extender containing unreacted soft segment and chain
extender. II. Polymer blend of: 1) linear ethylenically unsatu-
rated blocking monomer copolymerized with reactive
diluent and 11) linear thermoplastic polyurethane.

T

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

The present invention 1s now described more fully here-
inafter with reference to the accompanying drawings, in
which embodiments of the invention are shown. This inven-
tion may, however, be embodied 1n many different forms and
should not be construed as limited to the embodiments set
forth herein; rather these embodiments are provided so that
this disclosure will be thorough and complete and will tully
convey the scope of the invention to those skilled 1n the art.

Like numbers refer to like elements throughout. In the
figures, the thickness of certain lines, layers, components,
clements or features may be exaggerated for clarity. Where
used, broken lines illustrate optional features or operations
unless specified otherwise.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the invention. As used herein, the singular forms
“a,” “an” and “the” are mtended to include plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises™ or “compris-
ing,” when used 1n this specification, specily the presence of
stated features, integers, steps, operations, elements compo-
nents and/or groups or combinations thereof, but do not
preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components
and/or groups or combinations thereof.

As used herein, the term “and/or” includes any and all
possible combinations or one or more of the associated listed
items, as well as the lack of combinations when interpreted
in the alternative (“or”).

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this mnvention belongs. It will be further understood
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that terms, such as those defined 1n commonly used diction-
aries, should be interpreted as having a meaning that is
consistent with theirr meaning 1n the context of the specifi-
cation and claims and should not be interpreted in an
idealized or overly formal sense unless expressly so defined
herein. Well-known functions or constructions may not be
described 1n detail for brevity and/or clarity.

It will be understood that when an element 1s referred to
as being “‘on,” “attached” to, “connected” to, “coupled”
with, “contacting,” etc., another element, 1t can be directly
on, attached to, connected to, coupled with and/or contacting
the other element or intervening elements can also be
present. In contrast, when an element 1s referred to as being,
for example, “directly on,” “directly attached” to, “directly
connected” to, “directly coupled™ with or “directly contact-
ing” another element, there are no intervening elements
present. It will also be appreciated by those of skill 1n the art
that references to a structure or feature that 1s disposed
“adjacent” another feature can have portions that overlap or
underlie the adjacent feature.

Spatially relative terms, such as “under,” “below,”
“lower,” “over,” “upper’” and the like, may be used herein for
case ol description to describe an element’s or feature’s
relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative
terms are mtended to encompass different orientations of the
device 1n use or operation in addition to the orientation
depicted 1n the figures. For example, 1f the device i the
figures 1s 1verted, elements described as “‘under” or
“beneath” other elements or features would then be oriented
“over” the other elements or features. Thus the exemplary
term “under” can encompass both an orientation of over and
under. The device may otherwise be oriented (rotated 90
degrees or at other ornientations) and the spatially relative
descriptors used herein interpreted accordingly. Similarly,
the terms “upwardly,” “downwardly,” “vertical,” “horizon-
tal” and the like are used herein for the purpose of expla-
nation only, unless specifically indicated otherwise.

It will be understood that, although the terms first, second,
etc., may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. Rather, these terms are only used to
distinguish one element, component, region, layer and/or
section, from another element, component, region, layer
and/or section. Thus, a first element, component, region,
layer or section discussed herein could be termed a second
clement, component, region, layer or section without depart-
ing from the teachings of the present invention. The
sequence of operations (or steps) 1s not limited to the order
presented in the claims or figures unless specifically indi-
cated otherwise.

“Shape to be imparted to” refers to the case where the
shape of the intermediate object slightly changes between
formation thereof and forming the subsequent three-dimen-
sional product, typically by shrinkage (e.g., upto 1, 2 or 4
percent by volume), expansion (e.g., up to 1, 2 or 4 percent
by volume), removal of support structures, or by intervening
forming steps (e.g., intentional bending, stretching, drilling,
egrinding, cutting, polishing, or other intentional forming
alter formation of the intermediate product, but before
formation of the subsequent three-dimensional product). As
noted above, the three dimensional intermediate may also be
washed, 11 desired, before further curing, and/or before,
during, or after any intervening forming steps.

“Hydrocarbyl” as used herein refers to a bifunctional
hydrocarbon group, which hydrocarbon may be aliphatic,
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aromatic, or mixed aliphatic and aromatic, and optionally
containing one or more (e.g. 1, 2, 3, or 4) heteroatoms
(typically selected from N, O, and S). Such hydrocarbyl
groups may be optionally substituted and may contain from
1, 2, or 3 carbon atoms, up to 6, 8 or 10 carbon atoms or
more, and up to 40, 80, or 100 carbon atoms or more.

Heating may be active heating (e.g., 1n an oven, such as
an e¢lectric, gas, or solar oven), or passive heating (e.g., at
ambient temperature). Active heating will generally be more
rapid than passive heating and 1n some embodiments 1s
preferred, but passive heating—such as simply maintaining
the intermediate at ambient temperature for a suthcient time
to effect further cure—1s 1n some embodiments preferred.

“Diisocyanate” and ““‘polyisocyanate” are used inter-
changeably herein and refer to aliphatic, cycloaliphatic, and
aromatic 1socyanates that have at least 2, or 1n some embodi-
ments more than 2, 1socyanate (NCQO) groups per molecule,
on average. In some embodiments, the 1socyanates have, on
average, 3 to 6, 8 or 10 or more 1socyanate groups per
molecule. In some embodiments, the 1socyanates may be a
hyperbranched or dendrimeric 1socyanate (e.g., containing
more than 10 1socyanate groups per molecule, on average).
Common examples of suitable 1socyanates include, but are
not limited to, methylene diphenyl diisocyanate (MDI),
toluene diisocyanate (TDI)), para-phenyl diisocyanate
(PPDI), 4.4'-dicyclohexylmethane-diisocyanate (HMDI),
hexamethylene diisocyanate (HDI), 1sophorone diisocyanate
(IPDI), triphenylmethane-4,4'4"-triisocyanate, tolune-2.,4,6-
triyl triisocyanate, 1,3,5-triazine-2.4,6-triisocyanate, ethyl
ester L-lysine triisocyanate, etc., including combinations
thereof. Numerous additional examples are known and are
described 1n, for example, U.S. Pat. Nos. 9,200,108; 8,378,
053; 7,144,955; 4,075,151, 3,932,342, and in US Patent
Application Publication Nos. US 20040067318 and US
20140371406, the disclosures of all of which are incorpo-
rated by reference herein in their entirety.

Oxidizable tin salts useful for carrying out the present
invention include, but are not limited to, stannous butanoate,
stannous octoate, stannous hexanoate, stannous heptanoate,
stannous linoleate, stannous phenyl butanoate, stannous
phenyl stearate, stannous phenyl oleate, stannous nonanoate,
stannous decanoate, stannous undecanoate, stannous dode-
canoate, stannous stearate, stannous oleate stannous unde-
cenoate, stannous 2-ethylhexoate, dibutyl tin dilaurate, dibu-
tyl tin dioleate, dibutyl tin distearate, dipropyl tin dilaurate,
dipropyl tin dioleate, dipropyl tin distearate, dibutyl tin
dihexanoate, and combinations thereof. See also U.S. Pat.
Nos. 5,298,532; 4,421,822; and 4,389,514, the disclosures
of which are incorporated herein by reference. In addition to
the foregoing oxidizable tin salts, Lewis acids such as those
described in Chu et al. in Macromolecular Symposia, Vol-
ume 93, Issue 1, pages 233-242, June 1995 are known to
enhance the polymerization rates of free-radical polymer-
izations and are included herein by reference.

Any suitable filler may be used 1n connection with the
present invention, depending on the properties desired 1n the
part or object to be made. Thus, fillers may be solid or liquid,
organic or inorganic, and may include reactive and non-
reactive rubbers: siloxanes, acrylonitrile-butadiene rubbers;
reactive and non-reactive thermoplastics (including but not
limited to: poly(ether imides), maleimide-styrene terpoly-
mers, polyarylates, polysulfones and polyethersulifones, etc.)
iorganic fillers such as silicates (such as talc, clays, silica,
mica), glass, carbon nanotubes, graphene, cellulose nanoc-
rystals, etc., including combinations of all of the foregoing.
Suitable fillers include tougheners, such as core-shell rub-
bers, as discussed below.
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Tougheners.

One or more polymeric and/or inorganic tougheners can
be used as a filler 1n the present invention. See generally US
Patent Application Publication No. 20150215430. The
toughener may be uniformly distributed in the form of
particles 1n the cured product. The particles could be less
than 5 microns (um) 1n diameter. Such tougheners include,
but are not limited to,those formed {from elastomers,
branched polymers, hyperbranched polymers, dendrimers,
rubbery polymers, rubbery copolymers, block copolymers,
core-shell particles, oxides or inorganic materials such as
clay, polyhedral oligomeric silsesquioxanes (POSS), carbo-
naceous materials (e.g., carbon black, carbon nanotubes,
carbon nanofibers, fullerenes), ceramics and silicon car-
bides, with or without surface modification or functional-
1zation. Examples of block copolymers include the copoly-
mers whose composition 1s described 1n U.S. Pat. No.
6,894,113 (Court et al., Atofina, 2005) and include
“NANOSTRENTH®™” SBM (polystyrene-polybutadiene-
polymethacrylate), and AMA (polymethacrylate-polybuty-
lacrylate-polymethacrylate), both produced by Arkema.
Other suitable block copolymers include FORTEGRA®™
and the amphiphilic block copolymers described in U.S. Pat.
No. 7,820,760B2, assigned to Dow Chemical. Examples of
known core-shell particles include the core-shell (den-
drimer) particles whose compositions are described 1n
US20100280151A1 (Nguyen et al., Toray Industries, Inc.,
2010) for an amine branched polymer as a shell grafted to a
core polymer polymerized from polymerizable monomers
containing unsaturated carbon-carbon bonds, core-shell rub-
ber particles whose compositions are described i EP
1632533 A1 and EP 2123711 A1 by Kaneka Corporation, and
the “KaneAce MX” product line of such particle/epoxy
blends whose particles have a polymeric core polymerized
from polymerizable monomers such as butadiene, styrene,
other unsaturated carbon-carbon bond monomer, or their
combinations, and a polymeric shell compatible with the
epoxy, typically polymethylmethacrylate, polyglycidyl-
methacrylate, polyacrylonitrile or similar polymers, as dis-
cussed further below. Also suitable as block copolymers 1n
the present imvention are the “JSR SX” series of carboxy-
lated polystyrene/polydivinylbenzenes produced by ISR
Corporation; “Kureha Paraloid” EXL-2655 (produced by
Kureha Chemical Industry Co., Ltd.), which 1s a butadiene
alkyl methacrylate styrene copolymer; “Stafiloid” AC-3355
and TR-2122 (both produced by Takeda Chemical Indus-
tries, Ltd.), each of which are acrylate methacrylate copo-
lymers; and “PARALOID” EXL-2611 and EXL-3387 (both
produced by Rohm & Haas), each of which are butyl
acrylate methyl methacrylate copolymers. Examples of suit-
able oxide particles include NANOPDX®™ produced by
nanoresins AG. This 1s a master blend of functionalized
nanosilica particles and an epoxy.

Core-Shell Rubbers.

Core-shell rubbers are particulate materials (particles)
having a rubbery core. Such materials are known and
described 1n, for example, US Patent Application Publica-
tion No. 20150184039, as well as US Patent Application
Publication No. 20150240113, and U.S. Pat. Nos. 6,861,475,
7,625,977, 7,642,316, 8,088,245, and elsewhere.

In some embodiments, the core-shell rubber particles are
nanoparticles (i.e., having an average particle size of less
than 1000 nanometers (nm)). Generally, the average particle
s1ze ol the core-shell rubber nanoparticles is less than 500
nm, €.g., less than 300 nm, less than 200 nm, less than 100
nm, or even less than 50 nm. Typically, such particles are
spherical, so the particle size 1s the diameter; however, 11 the
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particles are not spherical, the particle size 1s defined as the
longest dimension of the particle.

In some embodiments, the rubbery core can have a Tg of
less than -25° C., more preferably less than -50° C., and
even more preferably less than -70° C. The Tg of the
rubbery core may be well below —100° C. The core-shell
rubber also has at least one shell portion that preferably has
a Tg of at least 50° C. By “core,” 1t 1s meant an internal
portion of the core-shell rubber. The core may form the
center of the core-shell particle, or an internal shell or
domain of the core-shell rubber. A shell 1s a portion of the
core-shell rubber that 1s exterior to the rubbery core. The
shell portion (or portions) typically forms the outermost
portion of the core-shell rubber particle. The shell material
can be grafted onto the core or 1s cross-linked. The rubbery
core may constitute from 50 to 95%, or from 60 to 90%, of
the weight of the core-shell rubber particle.

The core of the core-shell rubber may be a polymer or
copolymer of a conjugated diene such as butadiene, or a
lower alkyl acrylate such as n-butyl-, ethyl-, 1sobutyl- or
2-ethylhexylacrylate. The core polymer may in addition
contain up to 20% by weight of other copolymerized mono-
unsaturated monomers such as styrene, vinyl acetate, vinyl
chloride, methyl methacrylate, and the like. The core poly-
mer 1s optionally cross-linked. The core polymer optionally
contains up to 5% of a copolymerized graft-linking mono-
mer having two or more sites of unsaturation of unequal
reactivity, such as diallyl maleate, monoallyl fumarate, allyl
methacrylate, and the like, at least one of the reactive sites
being non-conjugated.

The core polymer may also be a silicone rubber. These
materials often have glass transition temperatures below
—-100° C. Core-shell rubbers having a silicone rubber core
include those commercially available from Wacker Chemue,
Munich, Germany, under the trade name Genioperl.

The shell polymer, which 1s optionally chemically grafted
or cross-linked to the rubber core, can be polymerized from
at least one lower alkyl methacrylate such as methyl meth-
acrylate, ethyl methacrylate or t-butyl methacrylate.
Homopolymers of such methacrylate monomers can be
used. Further, up to 40% by weight of the shell polymer can
be formed from other monovinylidene monomers such as
styrene, vinyl acetate, vinyl chlonide, methyl acrylate, ethyl
acrylate, butyl acrylate, and the like. The molecular weight
of the grafted shell polymer can be between 20,000 and
500,000.

One suitable type of core-shell rubber has reactive groups
in the shell polymer which can react with an epoxy resin or
an epoxy resin hardener. Glycidyl groups are suitable. These
can be provided by monomers such as glycidyl methacry-
late.

One example of a suitable core-shell rubber 1s of the type
described 1n US Patent Application Publication No. 2007/
0027233 (EP 1 632 533 Al). Core-shell rubber particles as
described therein include a cross-linked rubber core, 1n most
cases being a cross-linked copolymer of butadiene, and a
shell which 1s preferably a copolymer of styrene, methyl
methacrylate, glycidyl methacrylate and optionally acrylo-
nitrile. The core-shell rubber 1s preferably dispersed in a
polymer or an epoxy resin, also as described in the docu-
ment.

Suitable core-shell rubbers include, but are not limited to,
those sold by Kaneka Corporation under the designation
Kaneka Kane Ace, including the Kaneka Kane Ace 15 and

120 series of products, including Kanaka Kance Ace MX
120, Kaneka Kane Ace MX 153, Kaneka Kane Ace MX 154,

Kaneka Kane Ace MX 156, Kaneka Kane Ace MX170, and
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Kaneka Kane Ace MX 257 and Kaneka Kane Ace MX 120
core-shell rubber dispersions, and mixtures thereof.
I. Polymernizable Liquids: Part A.

Dual cure systems as described herein may include a first
curable system (sometimes referred to as “Part A” or herein)
that 1s curable by actinic radiation, typically light, and in
some embodiments ultraviolet (UV) light). Any suitable
polymerizable liquid can be used as the first component. The
liquid (sometimes also referred to as “liquid resin”™ “ink,” or
simply “resin” herein) can include a monomer, particularly
photopolymerizable and/or 1ree radical polymerizable
monomers, and a suitable initiator such as a free radical
initiator, and combinations thereof. Examples include, but
are not limited to, acrylics, methacrylics, acrylamides, sty-
renics, olefins, halogenated olefins, cyclic alkenes, maleic
anhydrnide, alkenes, alkynes, carbon monoxide, functional-
1zed oligomers, multifunctional cute site monomers, func-
tionalized PEGs, etc., including combinations thereof.
Examples of liquid resins, monomers and mnitiators iclude
but are not limited to those set forth in U.S. Pat. Nos.
8,232,043, 8,119,214,7,935,476;7,767,728;7,649,029; WO
2012129968 Al; CN 102715751 A; JP 2012210408 A.

Acid Catalyzed Polymerizable Liquids.

While 1n some embodiments as noted above the polym-
erizable liquid comprises a free radical polymerizable liqud
(in which case an inhibitor may be oxygen as described
below), 1n other embodiments the polymerizable hiquid
comprises an acid catalyzed, or cationically polymerized,
polymerizable liquid. In such embodiments the polymeriz-
able liquid comprises monomers contain groups suitable for
acid catalysis, such as epoxide groups, vinyl ether groups,
etc. Thus suitable monomers include olefins such as
methoxyethene, 4-methoxystyrene, styrene, 2-methylprop-
1-ene, 1,3-butadiene, etc.; heterocycloic monomers (includ-
ing lactones, lactams, and cyclic amines) such as oxirane,
thietane, tetrahydroturan, oxazoline, 1,3, dioxepane, oxetan-
2-one, etc., and combinations thereof. A suitable (generally
ionic or non-ionic) photoacid generator (PAG) 1s included 1n
the acid catalyzed polymerizable liquid, examples of which
include, but are not limited to ontum salts, sulfonium and
iodonium salts, etc., such as diphenyl 10dide hexatluoro-
phosphate, diphenyl 1odide hexatluoroarsenate, diphenyl
iodide hexafluoroantimonate, diphenyl p-methoxyphenyl
triflate, diphenyl p-toluenyl triflate, diphenyl p-1sobutylphe-
nyl triflate, diphenyl p-tert-butylphenyl triflate, triphenylsul-
fonium hexafluororphosphate, triphenylsulfomium hexafluo-
roarsenate,  triphenylsulifonium  hexatluoroantimonate,
triphenylsulfonium triflate, dibutylnaphthylsulfonium {tri-
flate, etc., mncluding mixtures thereof. See, e.g., U.S. Pat.
Nos. 7,824,839; 7,550,246; 7,534,844; 6,692,891; 5,374,
500; and 5,017,461 ; see also Photoacid Generator Selection
Guide for the electronics industry and energy curable coat-
ings (BASF 2010).

Hydrogels.

In some embodiments suitable resins includes photocur-
able hydrogels like poly(ethylene glycols) (PEG) and gela-
tins. PEG hydrogels have been used to deliver a variety of
biologicals, including Growth factors; however, a great
challenge facing PEG hydrogels crosslinked by chain
growth polymerizations 1s the potential for 1rreversible pro-
tein damage. Conditions to maximize release of the biologi-
cals from photopolymerized PEG diacrylate hydrogels can
be enhanced by inclusion of afhnity binding peptide
sequences 1n the monomer resin solutions, prior to photo-
polymerization allowing sustained delivery. Gelatin 1s a
biopolymer frequently used in food, cosmetic, pharmaceu-
tical and photographic industries. It 1s obtained by thermal

10

15

20

25

30

35

40

45

50

55

60

65

14

denaturation or chemical and physical degradation of col-
lagen. There are three kinds of gelatin, including those found
in animals, fish and humans. Gelatin from the skin of cold
water fish 1s considered safe to use 1n pharmaceutical
applications. UV or visible light can be used to crosslink
appropriately modified gelatin. Methods for crosslinking
gelatin include cure denivatives from dyes such as Rose
Bengal.

Photocurable Silicone Resins.

A suitable resin includes photocurable silicones. UV cure
silicone rubber, such as Siliopren™ UV Cure Silicone
Rubber can be used as can LOCTITE™ Cure Silicone
adhesives sealants. Applications include optical instruments,
medical and surgical equipment, exterior lighting and enclo-
sures, electrical connectors/sensors, fiber optics, gaskets,
and molds.

Biodegradable Resins.

Biodegradable resins are particularly important for
implantable devices to deliver drugs or for temporary per-
formance applications, like biodegradable screws and stents
(U.S. Pat. Nos. 7,919,162; 6,932,930). Biodegradable copo-
lymers of lactic acid and glycolic acid (PLGA) can be
dissolved in PEG di(meth)acrylate to yield a transparent
resin suitable for use, Polycaprolactone and PLGA oligom-
ers can be functionalized with acrylic or methacrylic groups
to allow them to be eflective resins for use.

Photocurable Polyurethanes.

A particularly useful resin 1s photocurable polyurethanes
(1including, polyureas, and copolymers of polyurethanes and
polyureas (e.g., poly(urethane-urea)). A photopolymerizable
polyurethane/polyurea composition comprising (1) a poly-
urethane based on an aliphatic diisocyanate, poly(hexam-
cthylene 1sophthalate glycol) and, optionally, 1,4-butane-
diol; (2) a polyfunctional acrylic ester; (3) a photoinitiator;
and (4) an anti-oxidant, can be formulated so that 1t provides
a hard, abrasion-resistant, and stain-resistant material (U.S.
Pat. No. 4,337,130). Photocurable thermoplastic polyure-
thane elastomers incorporate photoreactive diacetylene diols
as chain extenders.

High Performance Resins.

In some embodiments, high performance resins are used.
Such high performance resins may sometimes require the
use of heating to melt and/or reduce the viscosity thereot, as
noted above and discussed turther below. Examples of such
resins 1nclude, but are not limited to, resins for those
materials sometimes referred to as liquid crystalline poly-
mers ol esters, ester-imide, and ester-amide oligomers, as
described 1n U.S. Pat. Nos. 7,507,784 6,939,940. Since such
resins are sometimes employed as high-temperature ther-
moset resins, 1n the present invention they further comprise
a suitable photoinitiator such as benzophenone, anthraqui-
none, and fluoroenone imitiators (including derivatives
thereot), to 1mitiate cross-linking on 1rradiation, as discussed
further below.

Additional Example Resins.

Particularly usetul resins for dental applications include
EnvisionTEC’s Clear Guide, EnvisionTEC’s E-Denstone
Matenal. Particularly usetul resins for hearing aid industries
include EnvisionTEC’s e-Shell 300 Series of resins. Par-
ticularly useful resins include EnvisionTEC’s HTM1401V
High Temperature Mold Material for use directly with
vulcanized rubber 1n molding/casting applications. A par-
ticularly useful material for making tough and stifl parts
includes EnvisionTEC’s RC31 resin. Particularly useful
resin for investment casting applications imclude Envision-
TEC’s Easy Cast EC500 resin and MadeSolid FireCast

resin.
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Additional Resin Ingredients.

The liquid resin or polymerizable material can have solid
particles suspended or dispersed therein. Any suitable solid
particle can be used, depending upon the end product being
tabricated. The particles can be metallic, organic/polymeric,
inorganic, or composites or mixtures thereof. The particles
can be nonconductive, semi-conductive, or conductive (in-
cluding metallic and non-metallic or polymer conductors);
and the particles can be magnetic, ferromagnetic, paramag-
netic, or nonmagnetic. The particles can be of any suitable
shape, including spherical, elliptical, cylindrical, etc. The
particles can be of any suitable size (for example, ranging,
from 1 nm to 20 um average diameter).

The particles can comprise an active agent or detectable
compound as described below, though these may also be
provided dissolved solubilized in the liquid resin as also
discussed below. For example, magnetic or paramagnetic
particles or nanoparticles can be employed.

The liquid resin can have additional ingredients solubi-
lized therein, including pigments, dyes, active compounds or
pharmaceutical compounds, detectable compounds (e.g.,
fluorescent, phosphorescent, radioactive), etc., again
depending upon the particular purpose of the product being
tabricated. Examples of such additional ingredients include,
but are not limited to, proteins, peptides, nucleic acids

(DNA, RNA) such as siRNA, sugars, small organic com-

pounds (drugs and drug-like compounds), etc., mncluding
combinations thereof.

Non-Reactive Light Absorbers.

In some embodiments, polymernzable liquids for carrying
out the present invention include a non-reactive pigment or
dye that absorbs light, particularly UV light. Suitable
examples of such light absorbers include, but are not limited
to: (1) titanium dioxide (e.g., included 1n an amount of from
0.05 or 0.1 to 1 or 5 percent by weight), (11) carbon black
(e.g., included 1 an amount of from 0.05 or 0.1 to 1 or 3
percent by weight), and/or (111) an organic ultraviolet light
absorber such as a a hydroxybenzophenone, hydroxyphe-
nylbenzotriazole, oxanilide, benzophenone, thioxanthone,
hydroxyphenyltriazine, and/or benzotriazole ultraviolet light

absorber (e.g., Mayzo BLS1326) (e.g., included in an
amount of 0.001 or 0.005 to 1, 2 or 4 percent by weight).
Examples of suitable organic ultraviolet light absorbers
include, but are not limited to, those described in U.S. Pat.
Nos. 3,213,058; 6,916,867, 7,157,586; and 7,695,643, the
disclosures of Wthh are 1ncorporated herein by reference
Inhibitors of Polymerization.

Inhibitors or polymerization inhibitors for use in the
present invention may be in the form of a liquid or a gas. In
some embodiments, gas inhibitors are preferred. In some
embodiments, liquid inhibitors such as oils or lubricants
(e.g., fluornated oils such as perfluoropolyethers) may be
employed, as inhibitors (or as release layers that maintain a
liquid interface)). The specific inhibitor will depend upon
the monomer being polymerized and the polymerization
reaction. For free radical polymerization monomers, the
inhibitor can conveniently be oxygen, which can be pro-
vided in the form of a gas such as air, a gas enriched in
oxygen (optionally but mn some embodiments preferably
contaiming additional inert gases to reduce combustibility
thereol), or in some embodiments pure oxygen gas. In
alternate embodiments, such as where the monomer 1s
polymerized by photoacid generator imitiator, the ihibitor
can be a base such as ammonia, trace amines (e.g. methyl
amine, ethyl amine, d1 and trialkyl amines such as dimethyl
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amine, diethyl amine, trimethyl amine, triethyl amine, etc.),
or carbon dioxide, including mixtures or combinations
thereof.

Polymerizable Liquids Carrying Live Cells.

In some embodiments, the polymerizable liqud may
carry live cells as “particles” therein. Such polymerizable
liquids are generally aqueous, and may be oxygenated, and
may be considered as “emulsions” where the live cells are
the discrete phase. Suitable live cells may be plant cells (e.g.,
monocot, dicot), amimal cells (e.g., mammalian, avian,
amphibian, reptile cells), microbial cells (e.g., prokaryote,
cukaryote, protozoal, etc.), etc. The cells may be of difler-
entiated cells from or corresponding to any type of tissue
(e.g., blood, cartilage, bone, muscle, endocrine gland, exo-
crine gland, epithelial, endothelial, etc.), or may be undii-
terentiated cells such as stem cells or progenitor cells. In
such embodiments the polymerizable liquid can be one that

forms a hydrogel, including but not limited to those
described 1n U.S. Pat. Nos. 7,651,683; 7,651,682; 7,556,

490; 6,602,975; 5,836,313; efc.
II. Apparatus.

A non-limiting embodiment of an apparatus of the inven-
tion 1s shown 1n FIG. 2. It comprises a radiation source 11
such as a digital light processor (DLP) providing electro-
magnetic radiation 12 which though reflective mirror 13
illuminates a build chamber defined by wall 14 and a rigid
or flexible build plate 15 forming the bottom of the build
chamber, which build chamber 1s filled with liquid resin 16.
The bottom of the chamber 15 1s constructed of a build plate
comprising a rigid or tlexible semipermeable member as
discussed further below. The top of the object under con-
struction 17 1s attached to a carrier 18. The carrier 1s driven
in the vertical direction by linear stage 19, although alternate
structures can be used as discussed below.

A liquid resin reservorir, tubing, pumps liquid level sensors
and/or valves can be included to replenish the pool of liquid
resin 1n the build chamber (not shown for clarity) though in
some embodiments a simple gravity feed may be employed.
Drives/actuators for the carrier or linear stage, along with
associated wiring, can be included 1n accordance with
known techmiques (again not shown for clarity). The drives/
actuators, radiation source, and 1n some embodiments
pumps and liquid level sensors can all be operatively asso-
ciated with a suitable controller, again 1n accordance with
known techniques.

Build plates 15 used to carry out the present invention
generally comprise or consist of a (typically rigid or solid,
stationary, and/or fixed, although in some embodiments
flexible) semipermeable (or gas permeable) member, alone
or in combination with one or more additional supporting
substrates (e.g., clamps and tensioning members to tension
and stabilize an otherwise tlexible semipermeable material).
The semipermeable member can be made of any suitable
material that 1s optically transparent at the relevant wave-
lengths (or otherwise transparent to the radiation source,
whether or not it 1s visually transparent as perceived by the
human eye—i.e., an optically transparent window may in
some embodiments be visually opaque), including but not
limited to porous or microporous glass, and the rigid gas
permeable polymers used for the manufacture of rigid gas
permeable contact lenses. See, e¢.g., Norman G. Gaylord,
U.S. Pat. No. RE31,406; see also U.S. Pat. Nos. 7,862,176;
7,344,731, 7,097,302; 5,349,394; 5,310,571; 5,162,469;
5,141,665; 5,070,170; 4,923,906; and 4,845,089. In some
embodiments such materials are characterized as glassy
and/or amorphous polymers and/or substantially crosslinked
that they are essentially non-swellable. Preferably the semi-
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permeable member 1s formed of a material that does not
swell when contacted to the liquid resin or material to be
polymerized (1.e., 1s “non-swellable™). Suitable materials for
the semipermeable member include amorphous tluoropoly-
mers, such as those described 1n U.S. Pat. Nos. 5,308,685
and 5,051,113, For example, such fluoropolymers are par-
ticularly usetul over silicones that would potentially swell
when used 1n conjunction with organic liquid resin 1nks to be
polymerized. For some liquid resin inks, such as more
aqueous-based monomeric systems and/or some polymeric
resin ink systems that have low swelling tendencies, silicone
based window materials maybe suitable. The solubility or
permeability of organic liquid resin inks can be dramatically
decreased by a number of known parameters including
increasing the crosslink density of the window material or
increasing the molecular weight of the liquid resin ink. In
some embodiments the build plate may be formed from a
thin film or sheet of material which 1s flexible when sepa-
rated from the apparatus of the invention, but which 1s
clamped and tensioned when installed 1n the apparatus (e.g.,
with a tensioning ring) so that 1t 1s tensioned and stabilized
in the apparatus. Particular materials include TEFLON AF®
fluoropolymers, commercially available from DuPont. Addi-
tional materials include pertluoropolyether polymers such as
described 1n U.S. Pat. Nos. 8,268,446; 8,263,129; 8,158,
728; and 7,435,493,

It will be appreciated that essentially all solid matenals,
and most ol those described above, have some inherent
“flex” even though they may be considered “rigid,” depend-
ing on factors such as the shape and thickness thereof and
environmental factors such as the pressure and temperature
to which they are subjected. In addition, the terms “station-
ary”” or “fixed” with respect to the build plate 1s mntended to
mean that no mechanical interruption of the process occurs,
or no mechanism or structure for mechanical interruption of
the process (as 1n a layer-by-layer method or apparatus) 1s
provided, even if a mechanism for incremental adjustment
of the build plate (for example, adjustment that does not lead
to or cause collapse of the gradient of polymerization zone)
1s provided).

The semipermeable member typically comprises a top
surface portion, a bottom surface portion, and an edge
surface portion. The build surface 1s on the top surface
portion; and the feed surface may be on one, two, or all three
of the top surface portion, the bottom surface portion, and/or
the edge surface portion. In the embodiment 1llustrated in
FIG. 2 the feed surface 1s on the bottom surface portion, but
alternate configurations where the feed surface 1s provided
on an edge, and/or on the top surface portion (close to but
separate or spaced away from the build surface) can be
implemented with routine skall.

The semipermeable member has, 1n some embodiments, a
thickness of from 0.01, 0.1 or 1 millimeters to 10 or 100
millimeters, or more (depending upon the size of the item
being fabricated, whether or not 1t 1s laminated to or in
contact with an additional supporting plate such as glass,
etc., as discussed further below.

The permeability of the semipermeable member to the
polymerization mhibitor will depend upon conditions such
as the pressure of the atmosphere and/or 1nhibitor, the choice
ol mhibitor, the rate or speed of fabrication, etc. In general,
when the mhibitor 1s oxygen, the permeability of the semi-
permeable member to oxygen may be from 10 or 20 Barrers,
up to 1000 or 2000 Barrers, or more. For example, a
semipermeable member with a permeability of 10 Barrers
used with a pure oxygen, or highly enriched oxygen, atmo-
sphere under a pressure of 150 PSI may perform substan-
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tially the same as a semipermeable member with a perme-
ability of 500 Barrers when the oxygen 1s supplied from the
ambient atmosphere under atmospheric conditions.

Thus, the semipermeable member may comprise a tlex-
ible polymer film (having any suitable thickness, e.g., from
0.001, 0.01, 0.05, 0.1 or 1 millimeters to 1, 5, 10, or 100
millimeters,l or more),, and the buld plate may further
comprise a tensioning member (e.g., a peripheral clamp and
an operatively associated strain member or stretching mem-
ber, as 1 a “drum head”; a plurality of peripheral clamps,
etc., including combinations thereof) connected to the poly-
mer film and to {ix and tension, stabilize or rigidify the film
(e.g., at least suiliciently so that the film does not stick to the
object as the object 1s advanced and resiliently or elastically
rebound therefrom). The film has a top surface and a bottom
surface, with the buld surface on the top surface and the
feed surface preferably on the bottom surface. In other
embodiments, the semipermeable member comprises: (1) a
polymer film layer (having any suitable thickness, e.g., from
0.001, 0.01, 0.1 or 1 millimeters to 5, 10 or 100 millimeters,
or more), having a top surface positioned for contacting the
polymerizable liquid and a bottom surface, and (11) a gas
permeable, optically transparent supporting member (having
any suitable thickness, e.g., from 0.01, 0.1 or 1 millimeters
to 10, 100, or 200 millimeters, or more), contacting the film
layer bottom surface. The supporting member has a top
surface contacting the film layer bottom surface, and the
supporting member has a bottom surface which may serve as
the feed surface for the polymerization inhibitor. Any suit-
able materials that are semipermeable (that 1s, permeable to
the polymerization inhibitor) may be used. For example, the
polymer film or polymer film layer may, for example, be a
fluoropolymer film, such as an amorphous thermoplastic
fluoropolymer like TEFLON AF 1600™ or TEFLON AF
2400™ fluoropolymer films, or perfluoropolyether (PFPE),
particularly a crosslinked PFPE film, or a crosslinked sili-
cone polymer film. The supporting member comprises a
silicone or crosslinked silicone polymer member such as a
polydimethylsiloxane polydmiethylxiloxane member, a gas
permeable polymer member, or a porous or miCroporous
glass member. Films can be laminated or clamped directly to
the rigid supporting member without adhesive (e.g., using
PFPE and PDMS materials), or silane coupling agents that
react with the upper surface of a PDMS layer can be utilized
to adhere to the first polymer film layer. UV-curable, acry-
late-functional silicones can also be used as a tie layer
between UV-curable PFPEs and rnigid PDMS supporting
layers.

When configured for placement in the apparatus, the
carrier defines a “build region™ on the build surface, within
the total area of the build surface. Because lateral “throw”
(e.g., in the X and/or Y directions) i1s not required in the
present invention to break adhesion between successive
layers, as in the Joyce and Chen devices noted previously,
the area of the build region within the build surface may be
maximized (or conversely, the area of the build surface not
devoted to the build region may be minimized). Hence 1n
some embodiments, the total surface area of the build region
can occupy at least fifty, sixty, seventy, eighty, or ninety
percent of the total surface area of the build surface.

As shown 1n FIG. 2, the various components are mounted
on a support or Iframe assembly 20. While the particular
design of the support or frame assembly 1s not critical and
can assume numerous configurations, in the illustrated
embodiment 1t 1s comprised of a base 21 to which the
radiation source 11 1s securely or rigidly attached, a vertical
member 22 to which the linear stage 1s operatively associ-
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ated, and a horizontal table 23 to which wall 14 1s removably
or securely attached (or on which the wall 1s placed), and
with the build plate fixed, either permanently or removably,
to form the build chamber as described above.

As noted above, the build plate can consist of a single
unitary and integral piece ol a semipermeable member, or
can comprise additional matenals. For example, a porous or
microporous glass can be laminated or fixed to a semiper-
meable material. Or, a semipermeable member as an upper
portion can be fixed to a transparent lower member having,
purging channels formed therein for feeding gas carrying the
polymerization inhlibitor to the semipermeable member
(through which it passes to the build surface to facilitate the
formation of a release layer of unpolymerized liquid mate-
rial, as noted above and below). Such purge channels may
extend fully or partially through the base plate: For example,
the purge channels may extend partially into the base plate,
but then end i1n the region directly underlying the build
surface to avoid mntroduction of distortion. Specific geom-
etries will depend upon whether the feed surface for the
inhibitor 1nto the semipermeable member 1s located on the
same side or opposite side as the build surface, on an edge
portion thereolf, or a combination of several thereof.

Any suitable radiation source (or combination of sources)
can be used, depending upon the particular resin employed,
including electron beam and 1onizing radiation sources. In a
preferred embodiment the radiation source 1s an actinic
radiation source, such as one or more light sources, and in
particular one or more ultraviolet light sources. Any suitable
light source can be used, such as incandescent lights, fluo-
rescent lights, phosphorescent or luminescent lights, a laser,
light-emitting diode, etc., including arrays thereof. The light
source preferably includes a pattern-forming element opera-
tively associated with a controller, as noted above. In some
embodiments, the light source or pattern forming element
comprises a digital (or deformable) micromirror device
(DMD) with digital light processing (DLP), a spatial modu-
lator (SLM), or a microelectromechanical system (MEMS)
mirror array, a liquid crystal display (LCD) panel, a mask
(aka a reticle), a silhouette, or a combination thereof. See,
U.S. Pat. No. 7,902,526. Preferably the light source com-
prises a spatial light modulation array such as a liquid crystal
light valve array or micromirror array or DMD (e.g., with an
operatively associated digital light processor, typically in
turn under the control of a suitable controller), configured to
carry out exposure or irradiation of the polymerizable liquid
without a mask, e.g., by maskless photolithography. See,
e.g., U.S. Pat. Nos. 6,312,134; 6,248,509; 6,238,852; and
5,691,541.

In some embodiments, as discussed further below, there
may be movement 1n the X and/or Y directions concurrently
with movement in the Z direction, with the movement 1n the
X and/or Y direction hence occurring during polymerization
of the polymerizable liquid (this 1s 1n contrast to the move-
ment described 1n Y. Chen et al., or M. Joyce, supra, which
1s movement between prior and subsequent polymerization
steps for the purpose of replenishing polymerizable liqguid).
In the present invention such movement may be carried out
for purposes such as reducing “burn 1n” or fouling 1 a
particular zone of the build surface.

Because an advantage of some embodiments of the pres-
ent invention 1s that the size of the build surface on the
semipermeable member (i.e., the build plate or window)
may be reduced due to the absence of a requirement for
extensive lateral “throw” as in the Joyce or Chen devices
noted above, 1n the methods, systems and apparatus of the
present invention lateral movement (including movement in
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the X and/or Y direction or combination thereof) of the
carrier and object (1f such lateral movement 1s present) 1s
preferably not more than, or less than, 80, 70, 60, 50, 40, 30,
20, or even 10 percent of the width (1n the direction of that
lateral movement) of the build region.

While 1n some embodiments the carrier 1s mounted on an
clevator to advance up and away from a stationary build
plate, on other embodiments the converse arrangement may
be used: That 1s, the carrier may be fixed and the build plate
lowered to thereby advance the carrnier away therefrom.
Numerous diflerent mechanical configurations will be
apparent to those skilled in the art to achieve the same result.

Depending on the choice of material from which the
carrier 1s fabricated, and the choice of polymer or resin from
which the article 1s made, adhesion of the article to the
carrier may sometimes be insutlicient to retain the article on
the carrier through to completion of the finished article or
“build.” For example, an aluminum carrier may have lower
adhesion than a poly(vinyl chloride) (or “PVC”) carner.
Hence one solution 1s to employ a carrier comprising a PVC
on the surface to which the article being fabricated is
polymerized. If this promotes too great an adhesion to
conveniently separate the finished part from the carrier, then
any of a variety of techniques can be used to further secure
the article to a less adhesive carrier, including but not limited
to the application of adhesive tape such as “Greener Mask-
ing Tape for Basic Painting #2025 High adhesion™ to further
secure the article to the carrier during fabrication.

II1. Controller and Process Control.

The methods and apparatus of the invention can include
process steps and apparatus features to implement process
control, including feedback and feed-forward control, to, for
example, enhance the speed and/or reliability of the method.

A controller for use 1n carrying out the present mnvention
may be implemented as hardware circuitry, software, or a
combination thereof. In one embodiment, the controller 1s a
general purpose computer that runs soitware, operatively
associated with monitors, drives, pumps, and other compo-
nents through suitable interface hardware and/or software.
Suitable software for the control of a three-dimensional
printing or fabrication method and apparatus as described
herein includes, but 1s not limited to, the ReplicatorG open
source 3d printing program, 3DPrint™ controller software
from 3D systems, Slic3r, Skeinforge, KISSlicer, Repetier-
Host, PrintRun, Cura, etc., including combinations thereof.

Process parameters to directly or indirectly monitor, con-
tinuously or intermittently, during the process (e.g., during
one, some or all of the filling, wrradiating and advancing
steps) include, but are not limited to, irradiation intensity,
temperature of carrier, polymerizable liquid 1 the build
zone, temperature of growing product, temperature of build
plate, pressure, speed of advance, pressure, force (e.g.,
exerted on the build plate through the carrier and product
being fabricated), strain (e.g., exerted on the carrier by the
growing product being fabricated), thickness of release
layer, eftc.

Known parameters that may be used 1n feedback and/or
teed-tforward control systems include, but are not limited to,
expected consumption of polymerizable liquid (e.g., from
the known geometry or volume of the article being fabri-
cated), degradation temperature of the polymer being
formed from the polymerizable liquid, etc.

Process conditions to directly or indirectly control, con-
tinuously or step-wise, 1n response to a monitored parameter,
and/or known parameters (e.g., during any or all of the
process steps noted above), include, but are not limited to,
rate of supply of polymerizable liquid, temperature, pres-
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sure, rate or speed of advance of carrier, intensity of irra-
diation, duration of wrradiation (e.g. for each “slice”), etc.

For example, the temperature of the polymerizable liquid
in the build zone, or the temperature of the build plate, can
be monitored, directly or indirectly with an approprate
thermocouple, non-contact temperature sensor (e.g., an
inirared temperature sensor), or other suitable temperature
sensor, to determine whether the temperature exceeds the
degradation temperature of the polymerized product. If so, a
process parameter may be adjusted through a controller to
reduce the temperature 1n the build zone and/or of the build
plate. Suitable process parameters for such adjustment may
include: decreasing temperature with a cooler, decreasing
the rate of advance of the carrier, decreasing intensity of the
irradiation, decreasing duration of radiation exposure, etc.

In addition, the intensity of the irradiation source (e.g., an
ultraviolet light source such as a mercury lamp) may be
monitored with a photodetector to detect a decrease of
intensity from the irradiation source (e.g., through routine
degradation thereol during use). If detected, a process
parameter may be adjusted through a controller to accom-
modate the loss of intensity. Suitable process parameters for
such adjustment may 1nclude: increasing temperature with a
heater, decreasing the rate of advance of the carrier, increas-
ing power to the light source, etc.

As another example, control of temperature and/or pres-
sure to enhance fabrication time may be achieved with
heaters and coolers (1individually, or 1n combination with one
another and separately responsive to a controller), and/or
with a pressure supply (e.g., pump, pressure vessel, valves
and combinations thereol) and/or a pressure release mecha-
nism such as a controllable valve (individually, or 1n com-
bination with one another and separately responsive to a
controller).

In some embodiments the controller 1s configured to
maintain the gradient of polymerization zone described
herein (see, e.g., F1G. 1) throughout the fabrication of some
or all of the final product. The specific configuration (e.g.,
times, rate or speed of advancing, radiation intensity, tem-
perature, etc.) will depend upon factors such as the nature of
the specific polymerizable liquid and the product being
created. Configuration to maintain the gradient of polymer-
1zation zone may be carried out empirically, by entering a set
of process parameters or mstructions previously determined,
or determined through a series of test runs or “trial and
error’; configuration may be provided through pre-deter-
mined 1nstructions; configuration may be achieved by suit-
able monitoring and feedback (as discussed above), combi-
nations thereol, or 1n any other suitable manner.

In some embodiments, a method and apparatus as
described above may be controlled by a software program
running 1n a general purpose computer with suitable inter-
tace hardware between that computer and the apparatus
described above. Numerous alternatives are commercially
available. Non-limiting examples of one combination of
components 1s shown 1 FIGS. 3 to 5, where “Microcon-
troller” 1s Parallax Propeller, the Stepper Motor Driver 1s
Sparkiun EasyDriver, the LED Driver 1s a Luxeon Single
LED Driver, the USB to Serial 1s a Parallax USB to Serial
converter, and the DLP System 1s a Texas Instruments
LightCrafter system.

IV. General Methods.

The three dimensional intermediate 1s preferably formed
from resins as described above by additive manufacturing,
typically bottom-up or top-down additive manufacturing.
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In general, top-down three-dimensional fabrication 1s
carried out by:

(a) providing a polymerizable liquid reservoir having a
polymerizable liquid fill level and a carnier positioned in the
reservoir, the carrier and the {ill level defining a build region
therebetween;

(b) filling the build region with a polymerizable liquid
(1.e., the resin), said polymerizable liquid comprising a
mixture of (1) a light (typically ultraviolet light) polymeriz-
able liquid first component, and (1) a second solidifiable
component of the dual cure system; and then

(¢) rrradiating the build region with light to form a solid
polymer scaflold from the first component and also advanc-
ing (typically lowering) the carrier away from the build
surface to form a three-dimensional intermediate having the
same shape as, or a shape to be imparted to, the three-
dimensional object and containing said second solidifiable
component (e.g., a second reactive component) carried in the
scaffold 1n unsolidified and/or uncured form.

A wiper blade, doctor blade, or optically transparent (rigid
or flexible) window, may optionally be provided at the fill
level to facilitate leveling of the polymerizable liquid, 1n
accordance with known techniques. In the case of an opti-
cally transparent window, the window provides a build
surface against which the three dimensional intermediate 1s
formed, analogous to the build surface i bottom-up three
dimensional fabrication as discussed below.

In general, bottom-up three dimensional fabrication 1s
carried out by:

(a) providing a carrier and an optically transparent mem-
ber having a build surface, the carrier and the build surface
defining a build region therebetween;

(b) filling the build region with a polymerizable liquid
(1.e., the resin), said polymerizable liquid comprising a
mixture of (1) a light (typically ultraviolet light) polymeriz-
able liquid first component, and (1) a second solidifiable
component of the dual cure system; and then

(¢) wrradiating the build region with light through said
optically transparent member to form a solid polymer scat-
fold from the first component and also advancing (typically
raising) the carrier away from the bwld surface to form a
three-dimensional intermediate having the same shape as, or
a shape to be imparted to, the three-dimensional object and
containing said second solidifiable component (e.g., a sec-
ond reactive component) carried 1n the scaffold 1n unsolidi-
fied and/or uncured form.

In some embodiments of bottom up or top down three
dimensional fabrication as implemented 1n the context of the
present mvention, the build surface 1s stationary during the
formation of the three dimensional intermediate; in other
embodiments of bottom-up three dimensional fabrication as
implemented 1n the context of the present invention, the
buld surface 1s tilted, slid, flexed and/or peeled, and/or
otherwise translocated or released from the growing three
dimensional intermediate, usually repeatedly, during forma-
tion of the three dimensional intermediate.

In some embodiments of bottom up or top down three
dimensional fabrication as carried out in the context of the
present invention, the polymerizable liquid (or resin) 1s
maintained in liquid contact with both the growing three
dimensional intermediate and the build surface during both
the filling and 1rradiating steps, during fabrication of some
of, a major portion of, or all of the three dimensional
intermediate.

In some embodiments of bottom-up or top down three
dimensional fabrication as carried out in the context of the
present invention, the growing three dimensional interme-
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diate 1s fabricated 1n a layerless manner (e.g., through
multiple exposures or “slices™ of patterned actinic radiation
or light) during at least a portion of the formation of the three
dimensional intermediate.

In some embodiments of bottom up or top down three
dimensional fabrication as carried out 1n the context of the
present invention, the growing three dimensional nterme-
diate 1s fabricated 1n a layer-by-layer manner (e.g., through
multiple exposures or “slices” of patterned actinic radiation
or light), during at least a portion of the formation of the
three dimensional intermediate.

In some embodiments of bottom up or top down three
dimensional fabrication employing a rigid or flexible opti-
cally transparent window, a lubricant or immiscible liqud
may be provided between the window and the polymerizable
liquid (e.g., a fluorinated fluid or o1l such as a pertluoropo-
lyether o1l).

From the foregoing 1t will be appreciated that, in some
embodiments of bottom-up or top down three dimensional
fabrication as carried out in the context of the present
invention, the growing three dimensional intermediate is
tabricated 1n a layerless manner during the formation of at
least one portion thereof, and that same growing three
dimensional intermediate 1s fabricated in a layer-by-layer
manner during the formation of at least one other portion
thereot. Thus, operating mode may be changed once, or on
multiple occasions, between layerless fabrication and layer-
by-layer fabrication, as desired by operating conditions such
as part geometry.

In some embodiments, the intermediate 1s formed by
continuous liquid interface production (CLIP), as discussed
turther below.

As noted above, the present mnvention provides (in some
embodiments) a method of forming a three-dimensional
object, comprising the steps of: (a) providing a carrier and
a build plate, the build plate comprising a semipermeable
member, the semipermeable member comprising a build
surface and a feed surface separate from the build surface,
with the build surface and the carrier defining a build region
therebetween, and with the feed surface in fluid contact with
a polymerization inhibitor; then (concurrently and/or
sequentially) (b) filing the build region with a polymerizable
liquid, the polymerizable liquid contacting the buld seg-
ment, (¢) irradiating the build region through the build plate
to produce a solid polymerized region in the build region,
with a liquid film release layer comprised of the polymer-
izable liquid formed between the solid polymerized region
and the build surface, the polymerization of which liquid
film 1s 1nhibited by the polymerization inhibitor; and (d)
advancing the carrier with the polymerized region adhered
thereto away from the build surface on the stationary build
plate to create a subsequent build region between the polym-
erized region and the top zone. In general the method
includes (e) continuing and/or repeating steps (b) through
(d) to produce a subsequent polymerized region adhered to
a previous polymerized region until the continued or
repeated deposition of polymerized regions adhered to one
another forms the three-dimensional object.

Since no mechanical release of a release layer 1s required,
or no mechanical movement of a build surface to replenish
oxygen or other inhibitor 1s required, the method can be
carriecd out 1 a continuous fashion, though 1t will be
appreciated that the individual steps noted above may be
carried out sequentially, concurrently, or a combination
thereol. Indeed, the rate of steps can be varied over time
depending upon factors such as the density and/or complex-
ity of the region under fabrication.
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Also, since mechanical release from a window or from a
release layer generally requires that the carrier be advanced
a greater distance from the build plate than desired for the
next irradiation step, which enables the window to be
recoated, and then return of the carrier back closer to the
build plate (e.g., a “two steps forward one step back”
operation), the present invention 1 some embodiments
permits elimination of this “back-up” step and allows the
carrier to be advanced unidirectionally, or 1n a single direc-
tion, without interveming movement ol the window {for
re-coating, or “snapping’ of a pre-formed elastic release-
layer. However, 1n other embodiments of the invention,
reciprocation 1s utilized not for the purpose of obtaining
release, but for the purpose of more rapidly filling or
pumping polymerizable liquid into the build region.

While the dead zone and the gradient of polymerization
zone do not have a strict boundary therebetween (in those
locations where the two meet), the thickness of the gradient
of polymerization zone 1s 1n some embodiments at least as
great as the thickness of the dead zone. Thus, in some
embodiments, the dead zone has a thickness of from 0.01,
0.1, 1, 2, or 10 microns up to 100, 200 or 400 microns, or
more, and/or the gradient of polymerization zone and the
dead zone together have a thickness of from 1 or 2 microns
up to 400, 600, or 1000 microns, or more. Thus the gradient
ol polymerization zone may be thick or thin depending on
the particular process conditions at that time. Where the
gradient of polymerization zone 1s thin, 1t may also be
described as an active surface on the bottom of the growing
three-dimensional object, with which monomers can react
and continue to form growing polymer chains therewith. In
some embodiments, the gradient of polymerization zone, or
active surface, 1s maintained (while polymerizing steps
continue) for a time of at least 5, 10, 15, 20 or 30 seconds,
up to 5, 10, 15 or 20 minutes or more, or until completion
of the three-dimensional product.

The method may further comprise the step of disrupting
the gradient of polymerization zone for a time suflicient to
form a cleavage line 1n the three-dimensional object (e.g., at
a predetermined desired location for intentional cleavage, or
at a location 1n the object where prevention of cleavage or
reduction of cleavage 1s non-critical), and then reinstating
the gradient of polymerization zone (e.g. by pausing, and
resuming, the advancing step, increasing, then decreasing,
the 1ntensity of 1rradiation, and combinations thereot).

In some embodiments, the advancing step 1s carried out
sequentially in uniform increments (e.g., of from 0.1 or 1
microns, up to 10 or 100 microns, or more) for each step or
increment. In some embodiments, the advancing step 1is
carried out sequentially in variable increments (e.g., each
increment ranging ifrom 0.1 or 1 microns, up to 10 or 100
microns, or more) for each step or increment. The size of the
increment, along with the rate of advancing, will depend 1n
part upon factors such as temperature, pressure, structure of
the article being produced (e.g., size, density, complexity,
configuration, etc.)

In other embodiments of the invention, the advancing step
1s carried out continuously, at a uniform or variable rate.

In some embodiments, the rate of advance (whether
carried out sequentially or continuously) 1s from about 0.1 1,
or 10 microns per second, up to about to 100, 1,000, or
10,000 microns per second, again depending again depend-
ing on factors such as temperature, pressure, structure of the
article being produced, intensity of radiation, etc

As described further below, 1n some embodiments the
filling step 1s carried out by forcing the polymerizable liquid
into the build region under pressure. In such a case, the
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advancing step or steps may be carried out at a rate or
cumulative or average rate of at least 0.1, 1, 10, 30, 100, 500
or 1000 microns per second, or more. In general, the
pressure may be whatever 1s suflicient to increase the rate of
the advancing step(s) at least 2, 4, 6, 8 or 10 times as
compared to the maximum rate of repetition of the advanc-
ing steps 1n the absence of the pressure. Where the pressure
1s provided by enclosing an apparatus such as described
above 1n a pressure vessel and carrying the process out 1n a
pressurized atmosphere (e.g., of air, air enriched with oxy-
gen, a blend of gasses, pure oxygen, etc.) a pressure of 10,

20, 30 or 40 pounds per square inch (PSI) up to, 200, 300,

400 or 500 PSI or more, may be used. For fabrication of
large 1irregular objects higher pressures may be less preferred
as compared to slower fabrication times due to the cost of a
large high pressure vessel. In such an embodiment, both the
teed surface and the polymerizable liquid can be are 1n flmd
contact with the same compressed gas (e.g., one comprising
from 20 to 95 percent by volume of oxygen, the oxygen
serving as the polymernization inhibitor.

On the other hand, when smaller 1items are fabricated, or
a rod or fiber 1s fabricated that can be removed or exited
from the pressure vessel as 1t 1s produced through a port or
orifice therein, then the size of the pressure vessel can be
kept smaller relative to the size of the product being fabri-
cated and higher pressures can (1f desired) be more readily
utilized.

As noted above, the irradiating step 1s 1n some embodi-
ments carried out with patterned irradiation. The patterned
irradiation may be a fixed pattern or may be a variable
pattern created by a pattern generator (e.g., a DLP) as
discussed above, depending upon the particular 1tem being
fabricated.

When the patterned irradiation 1s a variable pattern rather
than a pattern that 1s held constant over time, then each
irradiating step may be any suitable time or duration depend-
ing on factors such as the intensity of the irradiation, the
presence or absence of dyes in the polymerizable material,
the rate of growth, etc. Thus 1n some embodiments each
irradiating step can be from 0.001, 0.01, 0.1, 1 or 10
microseconds, up to 1, 10, or 100 minutes, or more, in
duration. The mterval between each irradiating step 1s 1n
some embodiments preferably as briet as possible, e.g., from
0.001, 0.01, 0.1, or 1 microseconds up to 0.1, 1, or 10
seconds. In example embodiments, the pattern may vary
hundreds, thousands or millions of times to impart shape
changes on the three-dimensional object being formed. In
addition, in example embodiments, the pattern generator
may have high resolution with millions of pixel elements
that can be varied to change the shape that 1s imparted. For
example, the pattern generator may be a DLP with more than
1,000 or 2,000 or 3,000 or more rows and/or more than
1,000 or 2,000 or 3,000 or more columns of micromirrors,
or pixels 1n a liqud crystal display panel, that can be used
to vary the shape. In example embodiments, the three-
dimensional object may be formed through the gradient of
polymerization allowing the shape changes to be imparted
while continuously printing. In example embodiments, this
allows complex three-dimensional objects to be formed at
high speed with a substantially continuous surface without
cleavage lines or seams. In some examples, thousands or
millions of shape varniations may be imparted on the three-
dimensional object being formed without cleavage lines or
seams across a length of the object being formed of more
than 1 mm, 1 cm, 10 cm or more or across the entire length
of the formed object. In example embodiments, the object
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may be continuously formed through the gradient of polym-
erization at a rate of more than 1, 10, 100, 1000, 10000 or
more microns per second.

In some embodiments the build surface 1s flat; in other the
build surface 1s irregular such as convexly or concavely
curved, or has walls or trenches formed therein. In either
case the build surface may be smooth or textured.

Curved and/or wrregular build plates or build surfaces can
be used in fiber or rod formation, to provide different
materials to a single object being fabricated (that 1s, different
polymerizable liquids to the same build surface through
channels or trenches formed in the bwld surface, each
associated with a separate liquid supply, etc.

Carrier Feed Channels for Polymerizable Liquid.

While polymerizable liquid may be provided directly to
the build plate from a liquid conduit and reservoir system, in
some embodiments the carrier include one or more feed
channels therein. The carrier feed channels are i1n fluid
communication with the polymerizable liquid supply, for
example a reservoir and associated pump. Ditlerent carrier
feed channels may be 1n fluid communication with the same
supply and operate simultancously with one another, or
different carrier feed channels may be separately control-
lable from one another (for example, through the provision
of a pump and/or valve for each). Separately controllable
feed channels may be in fluid communication with a reser-
volr containing the same polymerizable liquid, or may be 1n
fluild communiication with a reservoir containing different
polymerizable liquids. Through the use of valve assemblies,
different polymerizable liquids may 1n some embodiments
be alternately fed through the same feed channel, 11 desired.
V. Reciprocal Feed of Polymerizable Liquad.

In an embodiment of the present invention, the carrier 1s
vertically reciprocated with respect to the build surface to
enhance or speed the refilling of the build region with the
polymerizable liquid.

In some embodiments, the vertically reciprocating step,
which comprises an upstroke and a downstroke, 1s carried
out with the distance of travel of the upstroke being greater
than the distance of travel of the downstroke, to thereby
concurrently carry out the advancing step (that 1s, driving the

carrier away from the build plate 1n the Z dimension) in part
or 1n whole.

In some embodiments, the speed of the upstroke gradually
accelerates (that 1s, there 1s provided a gradual start and/or
gradual acceleration of the upstroke, over a period of at least
20, 30, 40, or 50 percent of the total time of the upstroke,
until the conclusion of the upstroke, or the change of
direction which represents the beginning of the downstroke.
Stated differently, the upstroke begins, or starts, gently or
gradually.

In some embodiments, the speed of the downstroke
gradually decelerates (that 1s, there 1s provided a gradual
termination and/or gradual deceleration of the downstroke,
over a period of at least 20, 30, 40, or 50 percent of the total
time of the downstroke. Stated differently, the downstroke
concludes, or ends, gently or gradually.

While 1n some embodiments there 1s an abrupt end, or
abrupt deceleration, of the upstroke, and an abrupt beginning
or deceleration of the downstroke (e.g., a rapid change 1n
vector or direction of travel from upstroke to downstroke),
it will be appreciated that gradual transitions may be intro-
duced here as well (e.g., through introduction of a “plateau”
or pause 1n travel between the upstroke and downstroke). It
will also be appreciated that, while the reciprocating step
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may be a single upstroke and downstroke, the reciprocations
may occur in linked groups thereot, of the same or diflerent
amplitude and frequency.

In some embodiments, the vertically reciprocating step 1s
carried out over a total time of from 0.01 or 0.1 seconds up
to 1 or 10 seconds (e.g., per cycle of an upstroke and a
downstroke).

In some embodiments, the upstroke distance of travel 1s
from 0.02 or 0.2 millimeters (or 20 or 200 microns) to 1 or
10 millimeters (or 1000 to 10,000 microns). The distance of
travel of the downstroke may be the same as, or less than, the
distance of travel of the upstroke, where a lesser distance of
travel for the downstroke serves to achieve the advancing of
the carrier away from the build surface as the three-dimen-
sional object 1s gradually formed.

Preferably the vertically reciprocating step, and particu-
larly the upstroke thereof, does not cause the formation of
gas bubbles or a gas pocket 1n the build region, but instead
the build region remains filled with the polymerizable liquid
throughout the reciprocation steps, and the gradient of
polymerization zone or region remains in contact with the
“dead zone” and with the growing object being fabricated
throughout the reciprocation steps. As will be appreciated, a
purpose of the reciprocation 1s to speed or enhance the
refilling of the build region, particularly where larger build
regions are to be refilled with polymerizable liquid, as
compared to the speed at which the build region could be
refilled without the reciprocation step.

In some embodiments, the advancing step 1s carried out
intermittently at a rate of 1, 2, 5 or 10 individual advances
per minute up to 300, 600, or 1000 individual advances per
minute, each followed by a pause during which an 1rradiat-
ing step 1s carried out. It will be appreciated that one or more
reciprocation steps (e.g., upstroke plus downstroke) may be
carried out within each advancing step. Stated differently,
the reciprocating steps may be nested within the advancing,
steps.

In some embodiments, the individual advances are carried
out over an average distance of travel for each advance of
from 10 or 50 microns to 100 or 200 microns (optionally
including the total distance of travel for each vertically
reciprocating step, e.g., the sum of the upstroke distance
minus the downstroke distance).

Apparatus for carrying out the invention in which the
reciprocation steps described herein are implemented sub-
stantially as described above, with the drive associated with
the carrier, and/or with an additional drive operatively
associated with the transparent member, and with the con-
troller operatively associated with either or both thereof and
configured to reciprocate the carrier and transparent member
with respect to one another as described above.

VI. Increased Speed of Fabrication by Increased Light
Intensity.

In general, 1t has been observed that speed of fabrication
can 1ncrease with increased light intensity. In some embodi-
ments, the light 1s concentrated or “focused” at the build
region to increase the speed of fabrication. This may be
accomplished using an optical device such as an objective
lens.

The speed of fabrication may be generally proportional to
the light intensity. For example, the build speed 1n millime-
ters per hour may be calculated by multiplying the light
intensity 1 milliWatts per square centimeter and a multi-
plier. The multiplier may depend on a variety of factors,
including those discussed below. A range of multiplers, from
low to high, may be employed. On the low end of the range,
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the multiplier may be about 10, 15, 20 or 30. On the high end
of the multiplier range, the multiplier may be about 130,
300, 400 or more.

The relationships described above are, 1n general, con-
templated for light intensities of from 1, 5 or 10 milliWatts
per square centimeter, up to 20 or 50 milliWatts per square
centimeter.

Certain optical characteristics of the light may be selected
to facilitate increased speed of fabrication. By way of
example, a band pass filter may be used with a mercury bulb
light source to provide 365+10 nm light measured at Full
Width Half Maximum (FWHM). By way of {further
example, a band pass filter may be used with an LED light
source to provide 375+£15 nm light measured at FWHM.

As noted above, poymerizable liquids used in such pro-
cesses are, 1 general, free radical polymerizable liquids
with oxygen as the inhibitor, or acid-catalyzed or cationi-
cally polymerizable liquids with a base as the inhibitor.
Some specific polymerizable liquids will of course cure
more rapidly or efliciently than others and hence be more
amenable to higher speeds, though this may be oflset at least
in part by further increasing light intensity.

At higher light intensities and speeds, the “dead zone”
may become thinner as inhibitor 1s consumed. I the dead
zone 1s lost then the process will be disrupted. In such case,
the supply of inlibitor may be enhanced by any suitable
means, including providing an enriched and/or pressurized
atmosphere of inhibitor, a more porous semipermeable
member, a stronger or more powerful inhibitor (particularly
where a base 1s employed), efc.

In general, lower viscosity polymerizable liquids are more
amenable to higher speeds, particularly for fabrication of
articles with a large and/or dense cross section (although this
can be oflset at least in part by increasing light intensity).
Polymerizable liquids with viscosities in the range of 350 or
100 centipoise, up to 600, 800 or 1000 centipoise or more (as

measured at room temperature and atmospheric pressure
with a suitable device such as a HYDRAMOTION

REACTAVISC™ Viscometer (available from Hydramotion
[td, 1 York Road Business Park, Malton, York YO17 6 YA
England). In some embodiments, where necessary, the vis-
cosity of the polymerizable liquid can advantageously be
reduced by heating the polymerizable liquid, as described
above.

In some embodiments, such as fabrication of articles with
a large and/or dense cross-section, speed of fabrication can
be enhanced by introducing reciprocation to “pump” the
polymerizable liquid, as described above, and/or the use of
teeding the polymerizable liquid through the carrier, as also
described above, and/or heating and/or pressurizing the
polymerizable liquid, as also described above.

VII. Tiling.

It may be desirable to use more than one light engine to
preserve resolution and light intensity for larger build sizes.
Each light engine may be configured to project an image
(e.g., an array of pixels) into the build region such that a
plurality of “tiled” images are projected into the build
region. As used herein, the term “light engine” can mean an
assembly including a light source, a DLP device such as a
digital micromirror or LCD device and an optical device
such as an objective lens. The “light engine” may also
include electronics such as a controller that 1s operatively
associated with one or more of the other components.

This 1s shown schematically in FIGS. 17A-17C. The light
engine assemblies 130A, 130B produce adjacent or “tiled”
images 140A, 140B. In FIG. 17A, the images are slightly

misaligned; that 1s, there 1s a gap between them. In FIG.
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17B, the images are aligned; there 1s no gap and no overlap
between them. In FIG. 17C, there 1s a slight overlap of the
images 140A and 140B.

In some embodiments, the configuration with the over-
lapped 1images shown i FIG. 17C 1s employed with some
form of “blending” or “smoothing” of the overlapped
regions as generally discussed 1n, for example, U.S. Pat.

Nos. 7,292,207, 8,102,332, 8,427,391, 8,446,431 and U.S.
Patent Application Publication Nos. 2013/0269882, 2013/
0278840 and 2013/0321475, the disclosures of which are
incorporated herein 1n their entireties. The tiled 1images can
allow for larger build areas without sacrificing light inten-
sity, and therefore can facilitate faster build speeds for larger
objects. It will be understood that more than two light engine
assemblies (and corresponding tiled images) may be
employed. Various embodiments of the invention employ at
least 4, 8, 16, 32, 64, 128 or more tiled 1mages.

VI1II. Dual Hardening Polymerizable Liquids: Part B.

As noted above, 1n some embodiments of the invention,
the polymerizable liquid comprises a first light polymeriz-
able component (sometimes referred to as “Part A” herein)
and a second component that solidifies by another mecha-
nism, or in a different manner from, the first component
(sometimes referred to as “Part B” herein), typically by
turther reacting, polymerizing, or chain extending. Numer-
ous embodiments thereof may be carried out. In the follow-
ing, note that, where particular acrylates such as methacry-
lates are described, other acrylates may also be used.

Part A Chemistry.

As noted above, 1n some embodiments of the present
invention, a resin will have a first component, termed “Part
A.” Part A comprises or consists of a mix of monomers
and/or prepolymers that can be polymerized by exposure to
actinic radiation or light. This resin can have a functionality
of 2 or higher (though a resin with a functionality of 1 can
also be used when the polymer does not dissolve in 1ts
monomer). A purpose of Part A 1s to “lock™ the shape of the
object being formed or create a scaflold for the one or more
additional components (e.g., Part B). Importantly, Part A 1s
present at or above the minimum quantity needed to main-
tain the shape of the object being formed after the initial
solidification. In some embodiments, this amount corre-
sponds to less than ten, twenty, or thirty percent by weight
of the total resin (polymernizable liquid) composition.

In some embodiments, Part A can react to form a cross-
linked polymer network or a solid homopolymer.

Examples of suitable reactive end groups suitable for Part
A constituents, monomers, or prepolymers include, but are
not limited to: acrylates, methacrylates, a-olefins, N-vinyls,
acrylamides, methacrylamides, styrenics, epoxides, thiols,
1,3-dienes, vinyl halides, acrylonitriles, vinyl esters,
maleimides, and vinyl ethers.

An aspect of the solidification of Part A 1s that it provides
a scaflold in which a second reactive resin component,
termed “Part B,” can solidily during a second step (which
may occur concurrently with or following the solidification
of Part A). This secondary reaction preferably occurs with-
out significantly distorting the original shape defined during
the solidification of Part A. Alternative approaches would
lead to a distortion 1n the original shape 1n a desired manner.

In particular embodiments, when used 1n the methods and
apparatus described herein, the solidification of Part A 1s
continuously inhibited during printing within a certain
region, by oxygen or amines or other reactive species, to
form a liquid interface between the solidified part and an
inhibitor-permeable film or window (e.g., 1s carried out by
continuous liquid mterphase/interface printing).
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Part B Chemistry.

Part B may comprise, consist of or consist essentially of
a mix ol monomers and/or prepolymers that possess reactive
end groups that participate 1n a second solidification reaction
after the Part A solidification reaction. In some embodi-
ments, Part B could be added simultaneously to Part A so 1t
1s present during the exposure to actinide radiation, or Part
B could be mifused into the object made during the 3D
printing process in a subsequent step. Examples of methods
used to solidily Part B include, but are not limited to,
contacting the object or scaflold to heat, water or water
vapor, light at a different wavelength than that at which Part
A 1s cured, catalysts, (with or without additional heat),
evaporation of a solvent from the polymerizable liquid (e.g.,
using heat, vacuum, or a combination thereof), microwave
irradiation, etc., including combinations thereof.

Examples of suitable reactive end group pairs suitable for
Part B constituents, monomers or prepolymers include, but
are not limited to: epoxy/amine, epoxy/hydroxyl, oxetane/
amine, oxetane/alcohol, 1socyanate®/hydroxyl, Isocyanate™/
amine, 1socyanate/carboxylic acid, anhydride/amine, amine/
carboxylic acid, amine/ester, hydroxyl/carboxylic acid,
hydroxyl/acid chloride, amine/acid chlonide, vinyl/S1—H

(hydrosilylation), S1—Cl/hydroxyl, S1—Cl/amine,
hydroxyl/aldehyde, amine/aldehyde, hydroxymethyl or
alkoxymethyl amide/alcohol, aminoplast, alkyne/Azide

(also known as one embodiment of “Click Chemistry,” along,
with additional reactions including thiolene, Michael addi-
tions, Diels-Alder reactions, nucleophilic substitution reac-
tions, etc.), alkene/Sulfur (polybutadiene wvulcanization),
alkene/peroxide, alkene/thiol, alkyne/thiol, hydroxyl/halide,

1socyanate™/water (polyurethane foams), S1—OH/hydroxyl,

S1—OH/water, S1—OH/S1—H (tin catalyzed silicone), S1—
OH/S1—OH (tin catalyzed silicone), Perfluorovinyl (cou-
pling to form perfluorocyclobutane), etc., where *Isocya-
nates include protected 1socyanates (e.g. oximes)), diene/
dienophiles for Diels-Alder reactions, olefin metathesis
polymerization, olefin polymerization using Ziegler-Natta
catalysis, ring-opening polymerization (including ring-
opening olefin metathesis polymerization, lactams, lactones,
Si1loxanes, epoxides, cyclic ethers, imines, cyclic acetals,
etc.), efc.

Other reactive chemistries suitable for Part B will be
recognizable by those skilled in the art. Part B components
usetul for the formation of polymers described 1n “Concise
Polymeric Materials Encyclopedia” and the “Encyclopedia
of Polymer Science and Technology” are hereby incorpo-
rated by reference.

Organic Peroxides.

In some embodiments, an organic peroxide may be
included 1n the polymerizable liquid or resin, for example to
facilitate the reaction of potentially unreacted double bonds
during heat and/or microwave wradiation curing. Such
organic peroxides may be included in the resin or polym-
erizable liquid 1n any suitable amount, such as from 0.001 or
0.01 or 0.1 percent by weight, up to 1, 2, or 3 percent by
weight. Examples of suitable organic peroxides include, but
are not limited to, 2,3-bis(tert-butylperoxy)-2,35-dimethyl-
hexane (e.g., LUPEROX 101™), dilauroyl peroxide (e.g.
LUPEROX LP™) benzoyl peroxide (e.g., LUPEROX
A98™)  and bis(tert-butyldioxyisopropyl)benzene (e.g.,
VulCUP R™), etfc., mncluding combinations thereof. Such
organic peroxides are available from a variety of sources,
including but not limited to Arkema (420 rue d’Estienne

d’Orves, 92705 Colombes Cedex, France).
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Elastomers.

A particularly useful embodiment for implementing the
invention 1s for the formation of elastomers. Tough, high-
clongation elastomers are diflicult to achieve using only
liquad UV-curable precursors. However, there exist many
thermally cured materials (polyurethanes, silicones, natural
rubber) that result in tough, high-elongation elastomers after
curing. These thermally curable elastomers on their own are
generally incompatible with most 3D printing techniques.

In embodiments of the current invention, small amounts
(e.g., less than 20 percent by weight) of a low-viscosity UV
curable material (Part A) are blended with thermally-curable
precursors to form (preferably tough) elastomers (e.g. poly-
urcthanes, polyureas, or copolymers thereof (e.g., poly(ure-
thane-urea)), and silicones) (Part B). The UV curable com-
ponent 1s used to solidity an object into the desired shape
using 3D printing as described herein and a scaflold for the
clastomer precursors in the polymerizable liquid. The object
can then be heated after printing, thereby activating the

second component, resulting 1mn an object comprising the
clastomer.

Adhesion of Formed Objects.

In some embodiments, 1t may be useful to define the
shapes of multiple objects using the solidification of Part A,
align those objects 1n a particular configuration, such that
there 1s a hermetic seal between the objects, then activate the
secondary solidification of Part B. In this manner, strong
adhesion between parts can be achieved during production.
A particularly useful example may be in the formation and
adhesion of sneaker components.

Fusion of Particles as Part B.

In some embodiments, “Part B” may simply consist of
small particles of a pre-formed polymer. After the solidifi-
cation of Part A, the object may be heated above the glass
transition temperature of Part B in order to fuse the
entrapped polymeric particles.

Evaporation of Solvent as Part B.

In some embodiments, “Part B” may consist of a pre-
tformed polymer dissolved 1n a solvent. After the solidifica-
tion of Part A into the desired object, the object 1s subjected
to a process (e.g. heat+vacuum) that allows for evaporation
of the solvent for Part B, thereby solidifying Part B.

Thermally Cleavable End Groups.

In some embodiments, the reactive chemaistries 1n Part A
can be thermally cleaved to generate a new reactive species
alter the solidification of Part A. The newly formed reactive
species can further react with Part B 1n a secondary solidi-
fication. An exemplary system 1s described by Velankar,
Pezos and Cooper, Journal of Applied Polymer Science, 62,
1361-1376 (1996). Here, after UV-curing, the acrylate/
methacrylate groups in the formed object are thermally
cleaved to generated diisocyanate prepolymers that further
react with blended chain-extender to give high molecular
weight polyurethanes/polyureas within the original cured
material or scatiold. Such systems are, imn general, dual-
hardening systems that employ blocked or reactive blocked
prepolymers, as discussed 1n greater detail below. It may be
noted that later work indicates that the thermal cleavage
above 1s actually a displacement reaction of the chain
extender (usually a diamine) with the hindered urea, giving
the final polyurethanes/polyureas without generating 1socya-
nate itermediates.

Methods of Mixing Components.

In some embodiments, the components may be mixed in
a continuous manner prior to being introduced to the printer
build plate. This may be done using multi-barrel syringes
and mixing nozzles. For example, Part A may comprise or
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consist of a UV-curable di{meth)acrylate resin, Part B may
comprise or consist of a diisocyanate prepolymer and a
polyol mixture. The polyol can be blended together in one
barrel with Part A and remain unreacted. A second syringe
barrel would contain the ditsocyanate of Part B. In this
manner, the material can be stored without worry of “Part B”
solidifying prematurely. Additionally, when the resin 1s
introduced to the printer 1n this fashion, a constant time 1s
defined between mixing of all components and solidification
of Part A.

Other Additive Manufacturing Techniques.

It will be clear to those skilled 1n the art that the matenals
described in the current invention will be useful 1n other
additive manufacturing techniques mcluding tused deposi-
tion modeling (FDM), solid laser sintering (SLS), and
Ink-jet methods. For example, a melt-processed acryloni-
trile-butadiene-styrene resin may be formulated with a sec-
ond UV-curable component that can be activated after the
object 1s formed by FDM. New mechanical properties could
be achieved 1n this manner. In another alternative, melt-
processed unvulcanized rubber 1s mixed with a vulcanmizing
agent such as sulfur or peroxide, and the shape set through
FDM, then followed by a continuation of vulcanization.
IX. Dual Hardeming Polymerizable Liquids Employing
Blocked Constituents and Thermally Cleavable Blocking
Groups.

In some embodiments, where the solidifying and/or cur-
ing step (d) 1s carried out subsequent to the irradiating step
(e.g., by heating or microwave 1rradiating); the solidifving
and/or curing step (d) 1s carried out under conditions 1n
which the solid polymer scaflold degrades and forms a
constituent necessary for the polymerization of the second
component (e.g., a constituent such as (1) a prepolymer, (11)
a diisocyanate or polyisocyanate, and/or (111) a polyol and/or
diol, where the second component comprises precursors to
a polyurethane/polyurea resin). Such methods may involve
the use of reactive or non-reactive blocking groups on or
coupled to a constituent of the first component, such that the
constituent participates in the first hardening or solidifying
event, and when de-protected (yielding free constituent and
free blocking groups or blocking agents) generates a free
constituent that can participate 1n the second solidifying
and/or curing event. Non-limiting examples of such methods
are described further below.

A. Dual Hardening Polymerizable Liquds Employing
Blocked Prepolymers and Thermally Cleavable Blocking
Groups.

Some “dual cure” embodiments of the present invention
are, 1n general, a method of forming a three-dimensional
object, comprising:

(a) providing a carrier and an optically transparent mem-
ber having a build surface, the carrier and the build surface
defining a build region therebetween;

(b) filling the build region with a polymerizable liquid, the
polymerizable liqmd comprising a mixture of a blocked or
reactive blocked prepolymer, optionally but 1 some
embodiments preferably a reactive diluent, a chain extender,
and a photoinitiator;

(¢) wrradiating the bwld region with light through the
optically transparent member to form a (rigid, compressible,
collapsible, flexible or elastic) solid blocked polymer scat-
fold from the blocked prepolymer and optionally the reac-
tive diluent while concurrently advancing the carrier away
from the build surface to form a three-dimensional interme-
diate having the same shape as, or a shape to be imparted to,
the three-dimensional object, with the intermediate contain-
ing the chain extender; and then
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(d) heating or microwave irradiating the three-dimen-
sional intermediate sufliciently to form the three-dimen-
sional product from the three-dimensional intermediate
(without wishing to be bound to any particular mechanism,
the heating or microwave wrradiating may cause the chain
extender to react with the blocked or reactive blocked
prepolymer or an unblocked product thereot).

In some embodiments, the blocked or reactive blocked
prepolymer comprises a polyisocyanate.

In some embodiments, the blocked or reactive blocked
prepolymer comprises a compound of the formula A-X-A,
where X 1s a hydrocarbyl group and each A 1s an indepen-
dently selected substituent of Formula X:

Formula (X)

O O
)‘L R )J\
NN 1}{
H H

where R 1s a hydrocarbyl group, R'1s O or NH, and 7 1s a
blocking group, the blocking group optionally having a
reactive terminal group (e.g., a polymerizable end group
such as an epoxy, alkene, alkyne, or thiol end group, for
example an ethylenically unsaturated end group such as a
vinyl ether)). In a particular example, each A 1s an indepen-
dently selected substituent of Formula (XI):

Formula (XI)

O O
/\)J\ ..#'R\. )J\

N

where R and R' are as given above.

In some embodiments, the blocked or reactive blocked
prepolymer comprises a polyisocyanate oligomer produced
by the reaction of at least one diisocyanate (e.g., a diiso-
cyanate such as hexamethylene diisocyanate (HDI), bis-(4-
1socyanatocyclohexyl)methane (HMDI), 1sophorone diiso-
cyanate (IPDI), etc., a tritsocyanate, etc.) with at least one
polyol (e.g., a polyether or polyester or polybutadiene diol).

In some embodiments, the reactive blocked prepolymer 1s
blocked by reaction of a polyisocyanate with an amine
(meth)acrylate monomer blocking agent (e.g., tertiary-buty-
laminoethyl methacrylate (TBAEMA), tertiary pentylam-
inoethyl methacrylate (TPAEMA), tertiary hexylaminoethyl
methacrylate (THAEMA), tertiary-butylaminopropyl meth-
acrylate (I BAPMA), acrylate analogs thereot, and mixtures
thereot (see, e.g., US Patent Application Publication No.
20130202392). Note that all of these can be used as diluents
as well.

There are many blocking agents for 1socyanate. In pre-
ferred embodiments of the current invention, the blocking
agent (e.g., TBAEMA), cures (e.g., from the actinic radia-
tion or light) into the system. Those skilled 1n the art can
couple (meth)acrylate groups to known blocking agents to
create additional blocking agents that can be used to carry
out the present invention. Still further, those skilled in the art
can use maleimide, or substitute maleimide on other known
blocking agents, for use 1n the present mvention.
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Examples of known blocking agents which can be sub-
stituted on or covalently coupled to (meth)acrylate or
maleimide for use in the present invention include, but are
not limited to, phenol type blocking agents (e.g. phenol,
cresol, xylenol, mitrophenol, chlorophenol, ethyl phenol,
t-butylphenol, hydroxy benzoic acid, hydroxy benzoic acid
esters, 2,5-di-t-butyl-4-hydroxy toluene, etc.), lactam type
blocking agents (e.g. e-caprolactam, o-valerolactam, vy-bu-
tyrolactam, [3-propiolactam, etc.), active methylene type
blocking agents (e.g. diethyl malonate, dimethyl malonate,
cthyl acetoacetate, methyl acetoacetate, acetyl acetone, etc.),
alcohol type blocking agents (e.g. methanol, ethanol, n-pro-
panol, 1sopropanol, n-butanol, 1sobutanol, t-butanol, n-amy]l
alcohol, t-amyl alcohol, lauryl alcohol, ethylene glycol
monomethyl ether, ethylene glycol monoethyl ether, ethyl-
ene glycol monobutyl ether, diethylene glycol monomethyl
cther, diethylene glycol monoethyl ether, propylene glycol
monomethyl ether, methoxyethanol, glycolic acid, glycolic
acid esters, lactic acid, lactic acid ester, methylol urea,
methylol melamine, diacetone alcohol, ethylene chlorohy-
drine, ethylene bromhydrine, 1,3-dichloro-2-propanol,
m-hydropertluoro alcohol, acetocyanhydrine, etc.), mercap-
tan type blocking agents (e.g. butyl mercaptan, hexyl mer-
captan, t-butyl mercaptan, t-dodecyl mercaptan, 2-mer-
capto-benzothiazole, thiophenol, methyl thiophenol, ethyl
thiophenyl, etc.), acid amide type blocking agents (e.g.
acetoanilide, acetoamisidine amide, acrylamide, methacryl-
amide, acetic amide, stearic amide, benzamide, etc.), imide
type blocking agents (e.g. succinimide, phthalimide,
maleimide, etc.), amine type blocking agents (e.g. diphe-
nylamine, phenylnaphthylamine, xylidine, N-phenyl xyli-
dine, carbazole, aniline, naphthylamine, butylamine, dibu-
tylamine, butyl phenylamine, etc.), imidazole type blocking
agents (e.g. 1midazole, 2-ethylimidazole, etc.), urea type
blocking agents (e.g. urea, thiourea, ethylene urea, ethylene
thiourea, 1,3-diphenyl urea, etc.), carbamate type blocking
agents (e.g. N-phenyl carbamic acid phenyl ester, 2-oxazoli-
done, etc.), imine type blocking agents (e.g. ethylene imine,
etc.), oxime type blocking agents (e.g. formaldoxime,
acetaldoximine, acetoxime, methylethyl  ketoxime,
diacetylomonoxime, benzophenoxime, cyclohexanonoxime,
etc.) and suliurous acid salt type blocking agents (e.g.
sodium bisulfite, potassium bisulfite, etc.). Of these, use 1s
preferably made of the phenol type, the lactam type, the
active methylene type and the oxime type blocking agents
(see, e.g., U.S. Pat. No. 3,947.426).

In some embodiments, the diisocyanate or 1socyanate-
functional oligomer or prepolymer 1s blocked with an alde-
hyde blocking agent, such as a formyl blocking agent.
Examples include but are not limited to 2-formyloxyethyl
(meth)acrylate (FEMA)(or other aldehyde-containing acry-
late or methacrylate) with a diisocyanate or 1socyanate
functional oligomer or polymer. See, e.g., X. Tassel et al., 4

New Blocking Agent of isocyanates, European Polymer
Journal 36(9), 1745-1751 (2000); T. Haig, P. Badyrka et al.,

U.S. Pat. No. 8,524,816; and M. Sullivan and D. Bulpett,
U.S. Pat. Appl. Pub. No. US20120080824 The reaction
product of such an aldehyde blocking agent and an 1socya-
nate can i1n some embodiments possess an advantage over
TBAEMA blocked ABPUs by reducing hydrogen bonding
due to urea formation, i turn (in some embodiments)
resulting 1n lower viscosity blocked 1socyanates. In addition,
in some embodiments, a second advantage i1s eliminating
free amines within the final product (a product of the
deblocking of TBAEMA from the ABPU) which might

oxidize and cause yellowness or lead to degradation.
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In some embodiments, the reactive diluent comprises an
acrylate, a methacrylate, a styrene, an acrylic acid, a vinyl-
amide, a vinyl ether, a vinyl ester (including derivatives
thereot), polymers containing any one or more of the fore-
going, and combinations of two or more of the foregoing.
(e.g., acrylonitrile, styrene, divinyl benzene, vinyl toluene,
methyl acrylate, ethyl acrylate, butyl acrylate, methyl(meth)
acrylate, amine(meth)acrylates as described above, and mix-

tures of any two or more of these) (see, e.g., US Patent
Application Publication No. 20140072806).
In some embodiments, the chain extender comprises at

least one diol, diamine or dithiol chain extender (e.g.,

cthylene glycol, 1,3-propanediol, 1,2-propanediol, 1,4-bu-
tanediol, 1,5-pentanediol, 1,6-hexanediol, 1,7-heptanediol,
1,8-octanediol, 1,9-nonanediol, 1,10-decanediol, 1,11-unde-
canediol,

1,12-dodecanediol, 1,2-cyclohexanedimethanol,
1,4-cyclohexanedimethanol, the corresponding diamine and
dithiol analogs thereof, lysine ethyl ester, arginine ethyl
ester, p-alanine-based diamine, and random or block copo-
lymers made from at least one diisocyanate and at least one
diol, diamine or dithiol chain extender; see, e.g., US Patent
Application Publication No. 20140010858). Note also that,
when dicarboxylic acid 1s used as the chain extender, poly-
esters (or carbamate-carboxylic acid anhydrides) are made.

NHCHO
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from 5 or 10 percent by weight to 20 or 30 percent by
weight of the chain extender; and

from 0.1 or 0.2 percent by weight to 1, 2 or 4 percent by
weight of the photoinitiator.

Optional additional ingredients, such as dyes, fillers (e.g.,
silica), surfactants, etc., may also be included, as discussed
in greater detail above.

An advantage of some embodiments of the invention 1s
that, because these polymerizable liqumds do not rapidly
polymerize upon mixing, they may be formulated in
advance, and the filling step carried out by feeding or
supplying the polymerizable liquid to the buld region from
a single source (e.g., a single reservoir containing the
polymerizable liquid 1n pre-mixed form), thus obwviating the
need to modily the apparatus to provide separate reservoirs
and mixing capability.

Three dimensional objects made by the process are, in
some embodiments, collapsible or compressible (that 1s,
clastic (e.g., has a Young’s modulus at room temperature of
from about 0.001, 0.01 or 0.1 gigapascals to about 1, 2 or 4
gigapascals, and/or a tensile strength at maximum load at
room temperature of about 0.01, 0.1, or 1 to about 30, 100,
or 500 megapascals, and/or a percent elongation at break at
room temperature of about 10, 20 50 or 100 percent to 1000,
2000, or 5000 percent, or more).

An additional example of the preparation of a blocked

reactive prepolymer 1s shown 1n the Scheme below:

NCO

AN AN N NCHO
\I‘r +/or /\/\/ NCO
O
NEO UREA II UREA
VINYL ISOCYANATES

i

¢ Rate and product split depend on catalyst: Zn Octoate --> slow, mainly II Urea; Sn'? --> faster, mix.

In some embodiments, the polymerizable liquid com-
Prises:

from 5 or 20 or 40 percent by weight to 60 or 80 or 90
percent by weight of the blocked or reactive blocked pre-
polymer;

from 10 or 20 percent by weight to 30 or 40 or 50 percent
by weight of the reactive diluent;

60
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One can use similar chemistry to that described above to
form a reactive blocked duioscyanate, a reactive blocked
chain extender, or a reactive blocked prepolymer.

A non-limiting example of a dual cure system employing
a thermally cleavable end group 1s shown 1n the FIG. 25A
and the Scheme below:
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Without wishing to be bound to any underlying mechanism, E-caprolactam, 1,2,3-triazole, methyl ethyl ketoxime,
in some embodiments, during thermal cure, blocking agent diethyl malonate, etc.), the illustrative embodiment uses
1s cleaved and diisocyanate prepolymer i1s re-formed and TBAEMA that 1s commercially available. The used chain
quickly reacts with chain extenders or additional soft seg- extenders can be diols, diamines, triols, triamines or their

ment to form thermoplastic or thermoset polyurethane, 5 combinations or others. Ethylene glycol, 1,4-butanediol,
polyurea, or copolymer thereof (e.g., poly(urethane-urea)), methylene dicyclohexylamine (HI2ZMDA; or PACM as the

as follows: commercial name from Air Products), hydroquinone bis(2-
% % HO—OH
R“N}%\O/V\N\M/\/\/\NVW\O/(NH”R\ + or
ocN” NCO H>N—=NH,

AV VA YV W W W W W We W Ve Ve AN VYV Ve e
Segmented Thermoplastic Polyurethane

20

Alternative mechanisms such as those described 1n section B Hydroxyethyl) Ether (HQEE), 4,4'-Methylenebis(3-Chloro-
below may also be implemented or mvolved. 2,6-Diethylaniline) (MCDEA), 4,4-methylene-bis-(2,6
In the scheme above, the dual cure resin 1s comprised of diethylaniline)(MDEA), 4,4'-Methylenebis(2-chloroaniline)
a UV-curable (meth)acrylate blocked polyurethane (ABPU), (MOCA) are the preferred chain extenders.

a reactive diluent, a photoinitiator, and a chain extender(s). %>  To produce an ABPU, TBAEMA may be used to termi-
The reactive diluent (10-50 wt %) 1s an acrylate or meth- nate the 1socyanate end groups of the prepolymer, which 1s
acrylate that helps to reduce the viscosity of ABPU and will derived from isocyanate tipped polyols. The polyols (pret-
be copolymernized with the ABPU under UV 1rradiation. The erably with hydroxyl functionality of 2) used can be
photoinitiator (generally about 1 wt %) can be one of those - polyethers [especially polytetramethylene oxide (PTMO),
commonly used UV mitiators, examples of which include polypropylene glycol (PPG)], polyesters [polycaprolactone
but are not limited to such as acetophenones (diethoxyac- (PCL), polycarbonate, etc.], polybutadiene and block copo-
ctophenone for example), phosphine oxides diphenyl(2,4,6- lymers such as PCL and PIMO block copolymer (Capa
trimethylbenzoyl)phosphine oxide, phenylbis(2,4,6-trimeth- 7201 A of Perstop, Inc.). The molecular weight of these

ylbenzoyl)phosphine oxide (PPO), Irgacure 369, etc. 35 polyols can be 500 to 6000 Da, and 500-2000 Da are

After UV curing to form a intermediate shaped product preferred. In the presence of a catalyst (e.g., stannous
having blocked polyurethane oligomers as a scatlold, and octoate with 0.1-0.3 wt % to the weight of polyol; other tin
carrying the chain extender, the ABPU resin 1s subjected to catalysts or amine catalysts), diisocyanate (e.g., toluene
a thermal cure, during which a high molecular weight duisocyanate (TDI), methylene diphenyl diisocyanate

polyurethane/polyurea 1s formed by a spontaneous reaction 40 (MDI), hexamethylene diisocyanate (HDI), 1sophorone dii-
between the polyurethane/polyurea oligomers and the chain socyanate (IPDI), hydrogenated MDI (HMDI), para-phenyl
extender(s). The polyurethane/polyurea oligomer can react duisocyanate (PPDI) etc.) 1s added to the polyol (or the
with proper chain extenders through substitution of reverse order; preiferably the polyol being added to the
TBAEMA, N-vinylformamide (NVF) or the like by proper 1socyanate) with certain molar ratio (larger than 1:1; pret-
chain extenders, either by deblocking or displacement. The 45 erably, no less than 2:1 and 2:1 1s mostly preferred) to make
thermal cure time needed can vary depending on the tem- a prepolymer with residual 1socyanate groups (50~100° C.).
perature, size, shape, and density of the product, but 1s TBAEMA 1s then added to the reaction [Note: moles
typically between 1 to 6 hours depending on the specific (TBAEMA)*2+moles(OH)=moles(isocyanate)] to cap the

ABPU systems, chain extenders and temperature. remaining 1socyanate groups, resulting in ABPU (under
One advantageous aspect of the foregoing i1s using a 50 40-70° C.). Radical inhibitors such as hydroquinone (100-
tertiary amine-containing (meth)acrylate (e.g., t-butylam- 500 ppm) can be used to nhibit polymerization of (meth)
inoethyl methacrylate, TBAEMA) to terminate synthesized acrylate during the reaction.
polyurethane/polyurea oligomers with 1socyanate at both In general, a three-dimensional product of the foregoing
ends. Using acrylate or methacrylate containing hydroxyl methods comprises (1) a linear thermoplastic polyurethane,
groups to terminate polyurethane/polyurea oligomers with 55 polyurea, or copolymer thereof (e.g., poly(urethane-urea)),
1socyanate ends 1s used 1n UV curing resins in the coating (11) a cross-linked thermoset polyurethane, polyurea, or
field. The formed urethane bonds between the 1socyanate copolymer thereotf (e.g., poly(urethane-urea)), or (111) com-
and hydroxyl groups are generally stable even at high binations thereof (optionally blended with de-blocked
temperatures. In embodiments of the present invention, the blocking group which 1s copolymerized with the reactive
urea bond formed between the tertiary amine of TBAEMA 60 diluents(s), for example as an interpenetrating polymer
and 1socyanate of the oligomer becomes labile when heated network, a semi-interpenetrating polymer network, or as a
to suitable temperature (for example, about 100° C.), regen- sequential interpenetrating polymer network).). In some
erating the 1socyanate groups that will react with the chain example embodiments, the three-dimensional product may
extender(s) during thermal-cure to form high molecular also include unreacted photoinitiator remaining in the three-
weight polyurethane (PU). While 1t 1s possible to synthesize 65 dimensional formed object. For example, 1n some embodi-
other (meth)acrylate containing 1socyanate blocking func- ments, from 0.1 or 0.2 percent by weight to 1, 2 or 4 percent

tionality as generally used (such as N-vinyliormamide, by weight of the photoinitiator may remain 1n the three-
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dimensional formed object or the photoinitiator may be
present 1n lower amounts or only a trace amount. In some
example embodiments, the three-dimensional product may
also mclude reacted photoinitiator fragments. For example,
in some embodiments, the reacted photoimitiator fragments
may be remnants of the first cure forming the intermediate
product. For example, from 0.1 or 0.2 percent by weight to
1, 2 or 4 percent by weight of reacted photoinitiator frag-
ments may remain in the three-dimensional formed object or
the reacted photoinitiator fragments may be present 1n lower
amounts or only a trace amount. In example embodiments,
a three-dimensional product may comprise, consist of or
consist essentially of all or any combination of a linear
thermoplastic polyurethane, a cross-linked thermoset poly-
urethane, unreacted photoinitiator and reacted photoinitiator
materials.

While this embodiment has been described above primar-
i1ly with respect to reactive blocking groups, it will be
appreciated that unreactive blocking groups may be
employed as well.

In addition, while less preferred, 1t will be appreciated that
processes as described above may also be carried out
without a blocking agent, while still providing dual cure
methods and products of the present invention.

In addition, while this embodiment has been described
primarily with diol and diamine chain extenders, it will be
appreciated that chain extenders with more than two reactive
groups (polyol and polyamine chain extenders such as triols
and triamine chain extenders) may be used to three dimen-
sional objects comprised of a crosslinked thermoset poly-
urethane, polyurea, or copolymer thereof (e.g., poly(ure-
thane-urea)).

These materials may be used in bottom-up additive manu-
facturing techniques such as the continuous liquid interface
printing techniques described herein, or other additive
manufacturing techniques as noted above and below.

B. Dual Hardening Polymerizable Liquids Employing
Blocked Diisocyanates and Thermally Cleavable Blocking
Groups.

Another embodiment provides a method of forming a
three-dimensional object comprised of polyurethane, polyu-
rea, or copolymer thereof (e.g., poly(urethane-urea)), the
method comprising:

(a) providing a carrier and an optically transparent mem-
ber having a build surface, the carrier and the build
surface defimng a build region therebetween;

(b) filling the build region with a polymerizable liqud, the
polymerizable liquid comprising a mixture of (1) a
blocked or reactive blocked diisocyanate, (11) a polyol
and/or polyamine, (111) a chain extender, (1v) a pho-
toinitiator, and (v) optionally but 1n some embodiments
preferably a reactive diluent (v1) optionally but in some
embodiments preferably a pigment or dye, (vi1) option-
ally but 1n some embodiments preferably a filler (e.g.
silica),

(c) mrradiating the build region with light through the
optically transparent member to form a solid blocked
diisocyvanate scaflold from the blocked diisocyanate,
and optionally the reactive diluent and advancing the
carrier away from the build surface to form a three-
dimensional intermediate having the same shape as, or
a shape to be imparted to, the three-dimensional object,
with the intermediate containing the chain extender and
polyol and/or polyamine; and then

(d) heating or microwave irradiating the three-dimen-
sional 1ntermediate sufliciently (e.g., sufhliciently to
de-block the blocked diisocyanate and form an

10

15

20

25

30

35

40

45

50

55

60

65

42

unblocked diisocyanate that 1n turn polymerizes with
the chain extender and polyol and/or polyamine) to
form the three-dimensional product comprised of poly-
urethane, polyurea, or copolymer thereof (e.g., poly
(urecthane-urea)), from the three-dimensional interme-
diate.

In some embodiments, the blocked or reactive blocked
diisocyanate comprises a compound of the formula A'-X"-A',

where X' 1s a hydrocarbyl group and each A' 1s an indepen-
dently selected substituent of Formula (X'):

Formula (X)
O

AT

where 7 1s a blocking group, the blocking group optionally
having a reactive terminal group (e.g., a polymerizable end
group such as an epoxy, alkene, alkyne, or thiol end group,
for example an ethylenically unsaturated end group such as
a vinyl ether). In a particular example, each A' i1s an
independently selected substituent of Formula (XI'):

. I ﬁ%/
O/\/Niﬁ

RN

Formula (XI')

Other constituents and steps of these methods are carried
out in like manner as described 1n section 9a above.

In a non-limiting example, a blocked diisocyanate 1s
prepared as shown in the Scheme below. Such blocked
diisocyanates may be used 1in methods as shown in FIG.

23B.

R
oCcN” NCO

Diisocyanate

O
2 XNH\/\OJ‘\H/
O

Tin Catalyst

Y

Methacrylate Blocked Diisocyanate (ABDI)

Without wishing to be bound by any particular underlying
mechanism, 1n some embodiments, during thermal cure, the
blocking agent i1s cleaved and the chain extender reacts to
form thermoplastic or thermoset polyurethane, polyurea, or
a copolymer thereof (e.g., poly(urethane-urea)), for example
as shown below:
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H,N

HO

and/or

44

NH,
HO—OH

or

HoN=—NH,

Soft Segment: Polyamine/Polyol

|

R W VAV eV Ve Ve Ve VUV Ve Vg AV VAV e VA YAV Ve A W Y Ve e e |
Segmented Thermoplastic Polyurethane

In an alternative mechanism, the chain extender reacts with
the blocked duisocyante, eliminates the blocking agent, in
the process forming thermoplastic or thermoset polyure-
thane, polyurea, or a copolymer thereof (e.g., poly(urethane-

urea)).

In general, a three-dimensional product of the foregoing
methods comprises (1) a linear thermoplastic polyurethane,
polyurea, or copolymer thereof (e.g., poly(urethane-urea)), a
(1) cross-linked thermoset polyurethane, polyurea, or copo-
lymer thereotf (e.g., poly(urethane-urea)), or (111) combina-
tions thereof (optionally blended with de-blocked blocking,
group which 1s copolymerized with the reactive diluents(s),
for example as an interpenetrating polymer network, a
semi-interpenetrating polymer network, or as a sequential
interpenetrating polymer network). In some example
embodiments, the three-dimensional product may also
include unreacted photoinitiator remaining in the three-
dimensional formed object. For example, 1n some embodi-
ments, from 0.1 or 0.2 percent by weight to 1, 2 or 4 percent
by weight of the photoinitiator may remain 1n the three-
dimensional formed object or the photomnitiator may be
present 1 lower amounts or only a trace amount. In some
example embodiments, the three-dimensional product may
also include reacted photoinitiator fragments. For example,
in some embodiments, the reacted photoinitiator fragments
may be remnants of the first cure forming the intermediate
product. For example, from 0.1 or 0.2 percent by weight to
1, 2 or 4 percent by weight of reacted photoinitiator frag-
ments may remain in the three-dimensional formed object or
the reacted photoinitiator fragments may be present 1n lower
amounts or only a trace amount. In example embodiments,
a three-dimensional product may comprise, consist of or
consist essentially of all or any combination of a linear
thermoplastic polyurethane, a cross-linked thermoset poly-
urethane, unreacted photoinitiator and reacted photoinitiator
materials.

While this embodiment has been described above primar-
ily with respect to reactive blocking groups, it will be
appreciated that unreactive blocking groups may be
employed as well.

In addition, while less preferred, 1t will be appreciated that
processes as described above may also be carrnied out
without a blocking agent, while still providing dual cure
methods and products of the present invention.

In addition, while this embodiment has been described
primarily with diol and diamine chain extenders, 1t will be
appreciated that chain extenders with more than two reactive
groups (polyol and polyamine chain extenders such as triols
and triamine chain extenders) may be used to three dimen-
sional objects comprised of a crosslinked thermoset poly-
urethane, polyurea, or copolymer thereof (e.g., poly(ure-
thane-urea)).
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These materials may be used 1n bottom-up additive manu-
facturing techniques such as the continuous liquid interface
printing techniques described herein, or other additive
manufacturing techniques as noted above and below.

C. Dual Hardening Polymerizable Liquids Employing
Blocked Chain Extenders and Thermally Cleavable Block-
ing Groups.

Another embodiment provides a method of forming a
three-dimensional object comprised of polyurethane, polyu-
rea, or copolymer thereof (e.g., poly(urethane-urea)), the
method comprising:

(a) providing a carrier and an optically transparent mem-
ber having a build surface, the carrnier and the build
surface defining a build region therebetween;

(b) filling the build region with a polymerizable liquid, the
polymerizable liquid comprising a mixture of (1) a
polyol and/or polyamine, (11) a blocked or reactive
blocked diisocyanate chain extender, (111) optionally
one or more additional chain extenders, (1v) a photoini-
tiator, and (v) optionally but in some embodiments
preferably a reactive diluent (v1) optionally but 1n some
embodiments preferably a pigment or dye, (vi1) option-
ally but in some embodiments preferably a filler (e.g.
silica);

(¢) wrradiating the bwld region with light through the
optically transparent member to form a solid blocked
chain duisocyanate chain extender scaflold from the
blocked or reactive blocked dusocyanate chain
extender and optionally the reactive diluent and
advancing the carrier away from the build surface to
form a three-dimensional intermediate having the same
shape as, or a shape to be imparted to, the three-
dimensional object, with the intermediate containing
the polyol and/or polyamine and optionally one or more
additional chain extenders; and then

(d) heating or microwave irradiating the three-dimen-
sional 1ntermediate sufliciently to form the three-di-
mensional product comprised of polyurethane, polyu-
rea, or copolymer thereof (e.g., poly(urethane-urea)),
from the three-dimensional intermediate (e.g., heating
or microwave irradiating sufliciently to de-block the
blocked diisocyanate chain extender to form an
unblocked diisocyanate chain extender that in turn
polymerizes with the polyol and/or polyamine and
optionally one or more additional chain extenders).

In some embodiments, the blocked or reactive blocked
diisocyanate chain extender comprises a compound of the

65 formula A"-X"-A", where X" 1s a hydrocarbyl group, and

cach A" 1s an independently selected substituent of Formula

(X"):
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O O
)J\ R )J\
AR %
H H

Formula (X")

where R 1s a hydrocarbyl group, R'1s O or NH, and Z i1s a
blocking group, the blocking group optionally having a
reactive terminal group (e.g., a polymerizable end group

such as an epoxy, alkene, alkyne, or thiol end group, for
example an ethylenically unsaturated end group such as a
vinyl ether). In a particular example, each A" 1s an inde-
pendently selected substituent of Formula (XI"):

46

Formula (XI")

0 0 0
0 NT N R’}{
3 3

I

10

where R and R' are as given above.

Other constituents and steps employed 1n carrying out
these methods may be the same as described 1n section 9A
above.

An example of the preparation of a blocked diol chain
extender 1s shown i1n the Scheme below.

HO—R'—OH
Chain Extender

2 /’R"‘x

Tin Catalyst OCN NCO

Diisocyanate

Y

O 0O
v PN
OocN” SNH  NO0—R—O0 NH NCO

O
9 NH
Tin Catalyst X \/\ O)J\”/

TBAEMA

“Functional Blocking Unit”
O O O

0 )L Jk )J\ J\ O
R R
~ NNH ~ NH

O—R'—O NH

N\/\O
RN

Methacrylate Blocked Chain Extender (ABCLE)

An example of the preparation of a blocked diamine chain
extender 1s shown 1n the Scheme below:

H,N—R'—NH,
Chain Extender

> R

Tin Catalyst OCN NCO

Diisocyanate

\
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O

L
r""'"
N\NCO

NH

O
2 >|/NH\/\O)J\“/

TBAEMA

"Functional Blocking Unit”

I N O

Methacrylate Blocked Chain Extender (ABCE)

An example of method of the present invention carried out
with the materials above 1s given 1n the FIG. 25C.
Without wishing to be bound to any underlying mecha-
nism of the invention, 1n some embodiments, during thermal
cure, (a) the blocked 1socyanate-capped chain extender
reacts either directly with soit segment and/or chain
extender amine or alcohol groups, displacing the blocking

25

agent; or (b) the blocked 1socyanate-capped chain extender
1s cleaved and diisocyanate-capped chain extender is re-
formed and reacts with soft segments and additional chain
extender 1 necessary to yield thermoplastic or thermoset

polyurethane, polyurea, or copolymer thereof (e.g., poly
(urethane-urea)), such as follows:
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An alternative mechanism analogous to that described in
section B above may also be implemented or employed.

In general, a three-dimensional product of the foregoing
methods comprises (1) a linear thermoplastic polyurethane,
polyurea, or copolymer thereof (e.g., poly(urethane-urea)),
(11) a cross-linked thermoset polyurethane, polyurea, or
copolymer thereot (e.g., poly(urethane-urea)), or (111) com-
binations thereol (optionally blended with de-blocked
blocking group which 1s copolymerized with the reactive
diluents(s), for example as an interpenetrating polymer
network, a semi-interpenetrating polymer network, or as a
sequential interpenetrating polymer network). In some
example embodiments, the three-dimensional product may
also 1nclude unreacted photoinitiator remaining in the three-
dimensional formed object. For example, in some embodi-
ments, from 0.1 or 0.2 percent by weight to 1, 2 or 4 percent
by weight of the photoinitiator may remain 1n the three-
dimensional formed object or the photomnitiator may be
present 1 lower amounts or only a trace amount. In some
example embodiments, the three-dimensional product may
also include reacted photoinitiator fragments. For example,
in some embodiments, the reacted photoimitiator fragments
may be remnants of the first cure forming the intermediate
product. For example, from 0.1 or 0.2 percent by weight to
1, 2 or 4 percent by weight of reacted photoinitiator frag-
ments may remain in the three-dimensional formed object or
the reacted photoinitiator fragments may be present 1n lower
amounts or only a trace amount. In example embodiments,
a three-dimensional product may comprise, consist of or
consist essentially of all or any combination of a linear
thermoplastic polyurethane, a cross-linked thermoset poly-
urethane, unreacted photoinitiator and reacted photoinitiator
materials.

While this embodiment has been described above primar-
1ly with respect to reactive blocking groups (that 1s, blocking
groups containing polymerizable moieties), 1t will be appre-
ciated that unreactive blocking groups may be employed as
well.

In addition, while less preferred, 1t will be appreciated that
processes as described above may also be carried out
without a blocking agent, while still providing dual cure
methods and products of the present invention.

In addition, while this embodiment has been described
primarily with diol and diamine chain extenders, it will be
appreciated that chain extenders with more than two reactive
groups (polyol and polyamine chain extenders such as triols
and triamine chain extenders) may be used to form three
dimensional objects comprised of a crosslinked thermoset
polyurethane, polyurea, or copolymer thereof (e.g., poly
(urethane-urea)).

These materials may be used in bottom-up additive manu-
facturing techniques such as the continuous liquid interface
printing techniques described herein, or other additive
manufacturing techniques as noted above and below.

Those skilled 1n the art will appreciate that systems as
described in Ying and Cheng, Hydrolyzable Polyureas Bear-
ing Hindered Urea Bonds, JACS 136, 16974 (2014), may be
used 1n carrying out the methods described herein.

X. Articles Comprised of Interpenetrating Polymer Net-
works (IPNs) Formed from Dual Hardening Polymerizable
Liquids.

In some embodiments, polymerizable liquids comprising
dual hardening systems such as described above are useful
in forming three-dimensional articles that 1in turn comprise
interpenetrating polymer networks. This area has been noted
by Sperling at Lehigh University and K. C. Frisch at the
University of Detroit, and others.
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In non-limiting examples, the polymerizable liquid and
method steps are selected so that the three-dimensional
object comprises the following:

Sol-Gel Compositions.

This may be carried out with an amine (ammonia) per-
meable window or semipermeable member. In the system
discussed here, tetracthyl orthosiliciate (TEOS), epoxy
(diglycidyl ether of Bisphenol A), and 4-amino propyl
triethoxysilane are be added to a free radical crosslinker and
in the process the free radical crosslinker polymerizes and
contain the noted reactants which are then reacted 1n another
step or stage. Reaction requires the presence of water and
acid. Photoacid generators (PAGs) could optionally be
added to the mixture described above to promote the reac-
tion of the silica based network. Note that 1t only TEOS 1s
included one will end up with a silica (glass) network. One
could then increase the temperature to remove the organic
phase and be left with a silica structure that would be
difficult to prepare by more conventional methods. Many
variations (different polymeric structures) can be prepared
by this process 1n addition to epoxies including urethanes,
functionalized polyols, silicone rubber etc.)

Hydrophobic-Hydrophilic IPNs.

Prior IPN research contained a number of examples for
hydrophobic-hydrophilic networks for improved blood com-
patibility as well as tissue compatibility for biomedical
parts. Poly(hydroxyethyl(meth)acrylate) 1s a typical
example of a hydrophilic component. Another option 1s to
added poly(ethylene oxide) polyols or polyamines with a
diisocyanate to produce polyurethane, polyurea, or copoly-
mer thereof (e.g., poly(urethane-urea)), incorporated 1n the
reactive system.

Phenolic Resins (Resoles).

Precursors to phenolic resins involve either phenolic
resoles (formaldehyde terminal liquid oligomers) or pheno-
lic novolacs (phenol terminal solid oligomers crosslinkable
with hexamethyltetraamine). For the present process phe-
nolic resoles can be considered. The viscosity thereof may
be high but dilution with alcohols (methanol or ethanol) may
be employed. Combination of the phenolic resole with the
crosslinkable monomer can then provide a product formed
from an IPN. Reaction of the phenolic resole to a phenolic
resin can occur above 100° 1n a short time range. One
variation of this chemistry would be to carbonize the resul-
tant structure to carbon or graphite. Carbon or graphite foam
1s typically produced from phenolic foam and used for
thermal 1nsulation at high temperatures.

Polyimides.

Polyimides based on dianhydrides and diamines are ame-
nable to the present process. In this case the polyimide
monomers 1ncorporated into the reactive crosslinkable
monomer are reacted to yield an IPN structure. Most of the
dianyhdnrides employed for polyimides may be crystalline at
room temperature but modest amounts of a volatile solvent
can allow a liquid phase. Reaction at modest temperatures
(e.g., 1n the range of about 100° C.) 1s possible to permit
polyimide formation after the network 1s polymerized.

Conductive Polymers.

the 1ncorporation of aniline and ammomum persulfate
into the polymerizable liquid 1s used to produce a conductive
part. After the reactive system 1s polymerized and a post
treatment with acid (such as HCI vapor), polymerization to
polyaniline can then commence.

Natural Product Based IPNs.

Numerous of natural product based IPNs are known based
on triglyceride oils such as castor o1l. These can be incor-
porated into the polymerizable liquid along with a diisocya-
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nate. Upon completion of the part the triglycerides can then
be reacted with the dusocyanate to form a crosslinked
polyurethane. Glycerol can of course also be used.

Sequential IPNss.

In this case, the molded crosslinked network are swollen
with a monomer and free radical catalyst (peroxide) and
optionally crosslinker followed by polymerization. The
crosslinked triacylate system should imbide large amounts
of styrene, acrylate and/or methacrylate monomers allowing
a sequential IPN to be produced.

Polyolefin Polymerization.

Polyolefin catalysts (e.g. metallocenes) can be added to
the crosslinkable reactive system. Upon exposure of the part
to pressurized ethylene (or propylene) or a combination (to
produce EPR rubber) and temperature 1n the range of 100°
C.) the part can then contain a moderate to substantial
amount of the polyolefin. FEthylene, propylene and alpha
olefin monomers should easily difluse into the part to react
with the catalyst at this temperature and as polymerization
proceeds more olefin will diffuse to the catalyst site. A large
number of parts can be post-polymerized at the same time.
XI. Fabrication Products.

A. Example Three-Dimensional (3D) Objects.

Three-dimensional products produced by the methods and
processes of the present invention may be final, finished or
substantially finished products, or may be intermediate
products subject to further manufacturing steps such as
surface treatment, laser cutting, electric discharge machin-
ing, etc., 1s intended. Intermediate products include products
for which further additive manufacturing, in the same or a
different apparatus, may be carried out). For example, a fault
or cleavage line may be introduced deliberately into an
ongoing “build” by disrupting, and then reinstating, the
gradient of polymerization zone, to terminate one region of
the fimshed product, or sitmply because a particular region of
the finished product or “build” 1s less fragile than others.

Numerous different products can be made by the methods
and apparatus of the present mnvention, including both large-
scale models or prototypes, small custom products, minia-
ture or microminiature products or devices, etc. Examples
include, but are not limited to, medical devices and implant-
able medical devices such as stents, drug delivery depots,
functional structures, microneedle arrays, fibers and rods
such as waveguides, micromechanical devices, microfluidic
devices, etc.

Thus 1n some embodiments the product can have a height
of from 0.1 or 1 millimeters up to 10 or 100 millimeters, or
more, and/or a maximum width of from 0.1 or 1 millimeters
up to 10 or 100 millimeters, or more. In other embodiments,
the product can have a height of from 10 or 100 nanometers
up to 10 or 100 microns, or more, and/or a maximum width
of from 10 or 100 nanometers up to 10 or 100 microns, or
more. These are examples only: Maximum size and width
depends on the architecture of the particular device and the
resolution of the light source and can be adjusted depending,
upon the particular goal of the embodiment or article being
tabricated.

In some embodiments, the ratio of height to width of the
product 1s at least 2:1, 10:1, 50:1, or 100:1, or more, or a
width to height ratio of 1:1, 10:1, 50:1, or 100:1, or more.

In some embodiments, the product has at least one, or a
plurality of, pores or channels formed therein, as discussed
turther below.

The processes described herein can produce products with
a variety ol different properties. Hence 1 some embodi-
ments the products are rigid; i other embodiments the

products are flexible or resilient. In some embodiments, the
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products are a solid; 1n other embodiments, the products are
a gel such as a hydrogel. In some embodiments, the products
have a shape memory (that 1s, return substantially to a
previous shape after being deformed, so long as they are not
deformed to the point of structural failure). In some embodi-
ments, the products are umtary (that is, formed of a single
polymerizable liquid); 1n some embodiments, the products
are composites (that 1s, formed of two or more different
polymerizable liquds). Particular properties will be deter-
mined by factors such as the choice of polymerizable
liquid(s) employed.

In some embodiments, the product or article made has at
least one overhanging feature (or “overhang™), such as a
bridging element between two supporting bodies, or a can-
tilevered element projecting from one substantially vertical
support body. Because of the umidirectional, continuous
nature of some embodiments of the present processes, the
problem of fault or cleavage lines that form between layers
when each layer i1s polymerized to substantial completion
and a substantial time 1nterval occurs before the next pattern
1s exposed, 1s substantially reduced. Hence, 1n some embodi-
ments the methods are particularly advantageous in reduc-
ing, or eliminating, the number of support structures for such
overhangs that are fabricated concurrently with the article.
B. Example Structures And Geometries of 3D Objects.

In example embodiments, the three-dimensional (3D)
object may be formed with thousands or millions of shape
variations 1mparted on the three-dimensional object while
being formed. In example embodiments, the pattern genera-
tor generates diflerent patterns of light to activate photoini-
tiator 1n the region of the gradient of polymerization to
impart different shapes as the object 1s extracted through the
gradient of polymerization. In example embodiments, the
pattern generator may have high resolution with millions of
pixel elements that can be varied to change the shape that 1s
imparted. For example, the pattern generator may be a DLP
with more than 1,000 or 2,000 or 3,000 or more rows and/or
more than 1,000 or 2,000 or 3,000 or more columns of
micromirrors, or pixels i an LCD panel, that can be used to
vary the shape. As a result, very fine variations or gradations
may be imparted on the object along its length. In example
embodiments, this allows complex three-dimensional
objects to be formed at high speed with a substantially
continuous surface without cleavage lines or seams. In some
examples, more than a hundred, thousand, ten thousand,
hundred thousand or million shape wvariations may be
imparted on the three-dimensional object being formed
without cleavage lines or seams across a length of the object
being formed of more than 1 mm, 1 cm, 10 cm or more or
across the entire length of the formed object; In example
embodiments, the object may be continuously formed
through the gradient of polymerization at a rate of more than
1, 10, 100, 1000, 10000 or more microns per second.

In example embodiments, this allows complex three-
dimensional (3D) objects to be formed. In some example
embodiments, the 3D formed objects have complex non-
injection moldable shapes. The shapes may not be capable of
being readily formed using injection molding or casting. For
example, the shapes may not be capable of being formed by
discrete mold elements that are mated to form a cavity 1n
which fill matenial 1s injected and cured, such as a conven-
tional two-part mold. For example, in some embodiments,
the 3D formed objects may include enclosed cavities or
partially open cavities, repeating unit cells, or open-cell or
closed-cell foam structures that are not amenable to 1njection
molding and may including hundreds, thousands or millions
of these structures or interconnected networks of these
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structures. However, 1n example embodiments, these shapes
may be 3D formed using the methods described in the
present application with a wide range of properties, includ-
ing a wide range of elastomeric properties, tensile strength
and elongation at break through the use of dual cure mate-
rials and/or interpenetrating polymer networks to form these
structures. In example embodiments, the 3D objects may be
formed without cleavage lines, parting lines, seams, sprue,
gate marks or ejector pin marks that may be present with
injection molding or other conventional techniques. In some
embodiments, the 3D formed objects may have continuous
surface texture (whether smooth, patterned or rough) that 1s
free from molding or other printing artifacts (such as cleav-
age lines, parting lines, seams, sprue, gate marks or ejector
pin marks) across more than 1 mm, 1 ¢cm, 10 cm or more or
across the entire length of the formed object. In example
embodiments, complex 3D objects may be formed with no
discrete layers visible or readily detectable from the printing
process 1n the finished 3D object across more than 1 mm, 1
cm, 10 cm or more or across the entire length of the formed
object. For example, the varying shapes imparted during the
course of printing by the pattern generator may not be visible
or detectable as diflerent layers in the finished 3D object
since the printing occurs through the gradient of polymer-
1zation zone (from which the 3D object 1s extracted as it 1s
exposed by varying patterns projected from the pattern
generator). While the 3D objects resulting from this process
may be referred to as 3D printed objects, the 3D objects may
be formed through continuous liquid interphase printing
without the discrete layers or cleavage lines associated with
some 3D printing processes.

In some embodiments, the 3D formed object may include
one or more repeating structural elements to form the 3D
objects, including, for example, structures that are (or sub-
stantially correspond to) enclosed cavities, partially-en-
closed cavities, repeating unit cells or networks of unit cells,
toam cell, Kelvin foam cell or other open-cell or closed-cell
foam structures, crisscross structures, overhang structures,
cantilevers, microneedles, fibers, paddles, protrusions, pins,
dimples, rings, tunnels, tubes, shells, panels, beams (1includ-
ing I-beams, U-beams, W-beams and cylindrical beams),
struts, ties, channels (whether open, closed or partially
enclosed), waveguides, triangular structures, tetrahedron or
other pyramid shape, cube, octahedron, octagon prism,
icosidodecahedron, rhombic triacontahedron or other poly-
hedral shapes or modules (including Kelvin mimimal surface
tetrakaidecahedra, prisms or other polyhedral shapes), pen-
tagon, hexagonal, octagon and other polygon structures or
prisms, polygon mesh or other three-dimensional structure.
In some embodiments, a 3D formed object may include
combinations of any of these structures or interconnected
networks of these structures. In an example embodiments,
all or a portion of the structure of the 3D formed object may
correspond (or substantially correspond) to one or more
Bravais lattice or unit cell structures, including cubic (in-
cluding simple, body-centered or face-centered), tetragonal
(including simple or body-centered), monoclinic (including
simple or end-centered), orthohombic (including simple,
body-centered, face-centered or end-centered), rhombohe-
dral, hexagonal and triclinic structures. In example embodi-
ments, the 3D formed object may include shapes or surfaces
that correspond (or substantially correspond) to a catenoid,
helicoid, gyroid or lidinoid, other triply periodic minimal
surface (TPMS), or other geometry from the associate
family (or Bonnet family) or Schwarz P (“Primitive™) or
Schwarz D (“Diamond™), Schwarz H (“Hexagonal™) or
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Schwarz CLP (“Crossed layers ol parallels™) surfaces,
argyle or diamond patterns, lattice or other pattern or struc-
ture.

In example embodiments, the pattern generator may be
programmed to vary rapidly during printing to impart dif-
terent shapes into the gradient of polymerization with high
resolution. As a result, any of the above structural elements
may be formed with a wide range of dimensions and
properties and may be repeated or combined with other
structural elements to form the 3D object. In example
embodiments, the 3D formed object may include a single
three-dimensional structure or may include more than 1, 10,
100, 1000, 10000, 100000, 1000000 or more of these
structural elements. The structural elements may be repeated
structural elements of similar shapes or combinations of
different structural elements and can be any of those
described above or other regular or irregular shapes. In
example embodiments, each of these structural elements
may have a dimension across the structure of at least 10
nanometers, 100 nanometers, 10 microns, 100 microns, 1
mm, lcm, 10 cm, 50 cm or more or may have a dimension
across the structure of less than 50 cm, 10 cm, 1 cm, 1 mm,
100 microns, 10 microns, 100 nanometers or 10 nanometers
or less. In example embodiments, a height, width or other
dimension across the structure may be 1n the range of from
about 10 nanometers to about 50 cm or more or any range
subsumed therein. As used herein, “any range subsumed
therein” means any range that 1s within the stated range. For
example, the following are all subsumed within the range of
about 10 nanometers to about 50 square cm and are 1included
herein: 10 nanometers to 1 micron; 1 micron to 1 millimeter;
1 millimeter to 1 centimeter; and 1 centimeter to 50 cm or
any other range or set of ranges within the stated range. In
example embodiments, each of the structural elements may
form a volume of the 3D object 1n the range of from about
10 square nanometers to about 50 square cm or more or any
range subsumed therein. In example embodiments, each of
the structural elements may form a cavity or hollow region
or gap between surfaces of the structural element having a
dimension across the cavity or hollow region or gap in the
range of from about 10 nanometers to about 50 cm or more
or any range subsumed therein or may define a volume
within the expanse of the 3D formed object 1n the range of
from about 10 square nanometers to about 50 square cm or
more or any range subsumed therein.

The structural elements may be about the same size or the
size may vary throughout the volume of the 3D formed
object. The sizes may increase or decrease from one side of
the 3D formed object to another side (gradually or step-
wise) or elements of different shapes may be intermixed in
regular or irregular patterns (for example, a 3D elastomeric
foam with varying sizes of open-cell and/or closed-cell
cavities mtermixed throughout the foam).

In some embodiments, the 3D formed objects may have
irregular shapes with overhangs, bridging elements or asym-
metries or may otherwise have an oflset center of gravity in
the direction being formed. For example, the 3D formed
object may be asymmetric. In example embodiments, the 3D
formed object may not have rotational symmetry around any
axis or may have rotational symmetry only around a single
axis. In example embodiments, the 3D formed object may
not have reflectional symmetry around any plane through the
3D formed object or may have retlectional symmetry only
around a single plane. In example embodiments, the 3D
object may have an oflset center of gravity. For example, the
center of gravity of the 3D formed object may not be at the
positional center of the object. In some examples, the center
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ol gravity may not be located along any central axis of the
object. For example, the 3D formed object may be a shoe
sole or insert that generally follows the contour of a foot.
The shoe sole or 1nsert may tilt to the right or left and have
different widths for the heel and toes. As a result, the 3D
formed object 1n this example will not have reflectional
symmetry from side to side or front to back. However, 1t may
have retlectional symmetry from bottom to top 1f 1t 15 a
uniformly flat shoe sole or insert. In other examples, the shoe
sole or insert may be flat on one side and be contoured to
receive the arch of a foot on the other side and, as a result,
will not have retlectional symmetry from bottom to top
either. Other 3D formed objects for wearable, prosthetic or
anatomical shapes or devices may have similar asymmetries
and/or offset center of gravity. For example, a 3D formed
object for a dental mold or dental implant may substantially
conform to the shape of a tooth and may not have retlec-
tional symmetry about any plane. In another example, a 3D
formed component for a wearable device may substantially
conform to the shape of a body party and have correspond-
ing asymmetries, such as athletic wear such as a right or left
contoured shin guard or foam padding or isert for use
between a hard shin guard or a helmet or other wearable
component and the human body. These are examples only
and any number of 3D formed objects may be asymmetric
and/or have an oflset center of gravity. In example embodi-
ments, where there are significant asymmetries or protruding,
clements (such as arms, bridging eclements, cantilevers,
brush fibers or the like) and the desired structural elements
will be elastomeric, there 1s a potential for deformation
during 3D printing or subsequent curing. For example, 11 a
large amount of non-UV curable elastomeric resin material
1s 1ncluded, gravity may cause deformation before final
curing. While the scaflold formed from UV-curable material
during 3D printing (from the initial cure mm a dual cure
process) helps lock-1n the shape, some elastomeric compo-
sitions with highly asymmetric or protruding shapes may be
susceptible to deformation. In some example embodiments,
the UV curable material in the composition may be adjusted
to form a more rigid scatiold to avoid deformation. In other
example embodiments, objects with asymmetric shapes and/
or oflset center of gravity may be formed 1n pairs (or in other
combinations) with connectors that are later removed, par-
ticularly 11 the 3D formed objects or protruding elements are
relatively long. In an example, an elastomeric 3D object may
be formed along a length, and have an asymmetry, center of
gravity oflset and/or protruding element transverse to the
length that 1s more than 10%, 20%, 30%, 40%, 50% or more
of the length. For example, the 3D formed object may have
a length of about 1 cm to 350 cm or more or any range
subsumed therein and may have a transverse or lateral
asymmetry or protruding element of about 1 cm to 50 cm or
more or any range subsumed therein. In an example embodi-
ment, two or more of these objects may be formed together
in a way that provides support for the transverse or protrud-
ing elements until the elastomeric material 1s cured and the
objects are separated. For example, two shoe soles may be
formed (e.g., when formed in the direction of their length)
as a pair (for example, with rotated and inverted shoe soles
formed together with small removable connectors between
them) such that the soles provide support to one another
while being formed. In other example embodiments, other
support structures may be formed and removed after curing
of the elastomeric material.
C. Example Materials and Compositions of 3D Objects.
In example embodiments, 3D formed objects may have
any of the above shapes or structures and may comprise or
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consist of or consist essentially of: (1) a linear thermoplastic
polyurethane, polyurea, or copolymer thereof (e.g., poly
(urethane-urea)), (1) a cross-linked thermoset polyurethane,
polyurea, or copolymer thereof (e.g., poly(urethane-urea)),
and/or (111) combinations thereof (optionally blended with
de-blocked blocking group which 1s copolymerized with the
reactive diluents(s), for example as an interpenetrating poly-
mer network, a semi-interpenetrating polymer network, or as
a sequential mterpenetrating polymer network), and/or (1v)
photoinitiator, including unreacted photoinitiator and/or
reacted photoinitiator fragments.

In some example embodiments, a silicone rubber 3D
object may be formed.

1. Silicone polyurethanes, polyureas, or poly(urethane-
urcas). In any of the preceding polyurethane examples,
silicone or poly(dimethylsiloxane) (PDMS) may be used as
solt segment 1n the formation of these materials. For
example, a (meth)acrylate-functional ABPU could be
formed by first reacting an oligomeric PDMS diol or
diamine with two equivalents of duisocyanate to form a
PDMS urethane prepolymer. This material can be further
reacted with TBAEMA or other reactive blocking agents
described herein to form a reactive blocked PDMS prepoly-
mer which could be blended with chain extenders and
reactive diluents as described in the examples above.

2. Silicone iterpenetrating polymer networks. In some
embodiments, the matenial may comprise, consists of or
consist essentially of a UV-curable PDMS oligomer that 1s
blended with a two-part thermally curable PDMS oligomer
system.

In example embodiments, 3D formed objects may have
any of the above shapes or structures and may comprise or
consist of or consist essentially of:

(1) A thermoset silicone or PDMS network cured by
platinum-catalyzed hydrosilation, tin-catalyzed con-
densation chemistry, or peroxide initiated chemistry.

(11) A UV-curable reactive diluent that 1s miscible with
silicone thermoset oligomers prior to curing. Example:
an acrylate-functional PDMS oligomer.

(111) combinations thereot (optionally blended with reac-
tive diluents(s), for example as an interpenetrating
polymer network, a semi-interpenetrating polymer net-
work, or as a sequential interpenetrating polymer net-
work), and/or

(1v) photoinitiator, including unreacted photoimtiator and/
or reacted photoimitiator fragments.

In an example embodiment, Phenylbis(2 4 6-trimethyl-
benzoyl)phosphine oxide (PPO) 1s dissolved in 1sobornyl
acrylate (IBA) with a THINKY™ mixer. Methacryloxypro-
pyl terminated polydimethylsiloxane (DMS-R31; Gelest
Inc.) 1s added to the solution, followed by addition of
Sylgard Part A and Part B (Corning PDMS precursors), and
then further mixed with a THINKY™ mixer to produce a
homogeneous solution. The solution 1s loaded 1nto an appa-
ratus as described above and a three-dimensional 1nterme-
diate 1s produced by ultraviolet curing as described above.
The three-dimensional intermediate 1s then thermally cured
at 100° C. for 12 hours to produce the final silicone rubber
product.

3. Epoxy interpenetrating networks. In some example
embodiments, an epoxy 3D object may be formed. In
example embodiments, 3D formed objects may have any of
the above shapes or structures and may comprise or consist
of or consist essentially of:

(1) A thermoset epoxy network cured by the reaction of a

diepoxide with a diamine. Optionally, co-reactants may
also be included for example: co-reactants including
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polyfunctional amines, acids (and acid anhydrides),
phenols, alcohols, and thiols;

(1) A UV-curable reactive diluent that 1s miscible with the
epoxy thermoset precursors prior to curing;

(111) (combinations thereol (optionally blended with the
reactive diluents(s), for example as an 1nterpenetrating,
polymer network, a semi-interpenetrating polymer net-
work, or as a sequential interpenetrating polymer net-
work), and/or

(1v) photoinitiator, including unreacted photoinitiator and/
or reacted photoimitiator fragments.

In an example embodiment: 10.018 g EpoxAcast 690

resin part A and 3.040 g part B 1s mixed on a THINKY™
mixer. 3.484 g 1s then mixed with 3.013 g of RKP5-78-1, a

65/22/13 mix of Sartomer CN9782/N-vinylpyrrolidone/di-

cthyleneglycol diacrylate to give a clear blend which 1s
cured under a Dymax ultraviolet lamp to produce an elastic
3D object.

In a second, example embodiment, RKP11-10-1 contain-
ing 3.517 g of the above epoxy and 3.508 g of RKP5-90-3

and 65/33/2/0.25 blend of Sartomer CN2920N-vinylcapro-
lactam/N-vinylpyrrolidone/PPO initiator 1s cured similarly
to form a flexible 3D object.

In some example embodiments, the 3D formed object
may include sol-gel compositions, hydrophobic or hydro-
philic compositions, phenolic resoles, cyanate esters, poly-
imides, conductive polymers, natural product based IPNs,
sequential IPNs and polyolefin as described above.

In example embodiments, 3D formed objects may have
any of the shapes or structures described above and may
comprise or consist o or consist essentially of a plurality of
different materials 1n different regions of the 3D formed
object with different tensile strength or other varying prop-
erties. In example embodiments, the differing materials may
be selected from any of those describe above. In some
example embodiments, the process of fabricating the prod-
uct may be paused or interrupted one or more times, to
change the polymerizable liquid. In example embodiments,
3D formed objects may include multiple materials (which
may, for example, be a thermoplastic or thermoset polyure-
thane, polyurea, or copolymer thereof or silicone rubber or
epoxy or combination of the foregoing) with diflerent tensile
strengths as described further below. While a fault line or
plane may be formed 1n the intermediate by the interruption,
if the subsequent polymerizable liquid 1s, 1n 1ts second cure
material, reactive with that of the first, then the two distinct
segments of the intermediate will cross-react and covalently
couple to one another during the second cure (e.g., by
heating or microwave irradiation). Thus, for example, any of
the materials described herein may be sequentially changed
to form a product having multiple distinct segments with
different tensile properties, while still being a unitary prod-
uct with the different segments covalently coupled to one
another.

In example embodiments, the polyurethane, polyurea, or
copolymer thereol (e.g., poly(urethane-urea)) or silicone
rubber or epoxy or combination of the foregoing may
comprise a majority of the 3D formed object by weight and
may comprise more than 50%, 60%, 70%, 80% or 90% of
the 3D formed object by weight. In example embodiments,
the polyurethane, polyurea, or copolymer thereot (e.g., poly
(urethane-urea)) or silicone rubber or epoxy or combination
of the foregoing may comprise or consist of or consist
essentially of an interpenetrating network, a semi-interpen-
etrating polymer network, or as a sequential interpenetrating
polymer network.
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(1) Examples of Thermoplastic or Thermoset Polyure-
thane, Polyurea, or Copolymer Thereol (e.g., Poly(Ure-
thane-Urea)).

In example embodiments, the polyurethane, polyurea, or
copolymer thereof (e.g., poly(urethane-urea)) may comprise
a majority of the 3D formed object by weight and may
comprise more than 50%, 60%, 70%, 80% or 90% of the 3D
formed object by weight.

In example embodiments, the polyurethane, polyurea, or
copolymer thereof (e.g., poly(urethane-urea)) may comprise
or consist of or consist essentially of linear thermoplastic or
thermoset polyurethane, polyurea, or copolymer thereof
(e.g., poly(urethane-urea)). In example embodiments, the
linear thermoplastic or cross-linked thermoset polyurethane,
polyurea, or copolymer thereof (e.g., poly(urethane-urea))

may comprise a majority of the 3D formed object by weight
and may comprise more than 50%, 60%, 70%, 80% or 90%
of the 3D formed object by weight.

In example embodiments, the polyurethane, polyurea, or
copolymer thereof (e.g., poly(urethane-urea)) may comprise
or consist of or consist essentially of a polymer blend of (1)
linear ethylenically unsaturated blocking monomer copoly-
merized with reactive diluent and (1) linear thermoplastic or
cross-linked thermoset polyurethane, polyurea, or copoly-
mer thereof (e.g., poly(urethane-urea)). In example embodi-
ments, the polymer blend may comprise a majority of the 3D
formed object by weight and may comprise more than 50%,
60%, 70%, 80% or 90% of the 3D formed object by weight.
In example embodiments, the linear thermoplastic or cross-
linked polyurethane, polyurea, or copolymer thereof (e.g.,
poly(urethane-urea)) may comprise or consist of or consist
essentially of linear poly(meth)acrylate.

In example embodiments, the polyurethane, polyurea, or
copolymer thereof (e.g., poly(urethane-urea)) may comprise
or consist of or consist essentially of an interpenetrating
network, a semi-interpenetrating polymer network, or as a
sequential interpenetrating polymer network of ethylenically
unsaturated monomer and crosslinked or linear polyure-
thane. In example embodiments, the network of ethyleni-
cally unsaturated monomer and crosslinked polyurethane
may comprise a majority of the 3D formed object by weight
and may comprise more than 50%, 60%, 70%, 80% or 90%
of the 3D formed object by weight. In example embodi-
ments, the linear thermoplastic or cross-linked thermoset
polyurethane, polyurea, or copolymer thereof (e.g., poly
(urethane-urea)) may comprise or consist of or consist
essentially of crosslinked poly(meth)acrylate.

In example embodiments, the polyurethane, polyurea, or
copolymer thereof (e.g., poly(urethane-urea)) may comprise
or consist of or consist essentially of an interpenetrating
network, a semi-interpenetrating polymer network, or as a
sequential interpenetrating polymer network of ethylenically
unsaturated monomer and linear thermoplastic or cross-
linked thermoset polyurethane. In example embodiments,
the network of ethylenically unsaturated monomer and and
linear thermoplastic or crosslinked thermoset polyurethane
may comprise a majority of the 3D formed object by weight
and may comprise more than 50%, 60%, 70%, 80% or 90%
of the 3D formed object by weight. In example embodi-
ments, the linear thermoplastic or cross-linked thermoset
polyurethane, polyurea, or copolymer thereof (e.g., poly
(urethane-urea)) may comprise or consist of or consist
essentially of linear poly(meth)acrylate.

In some example embodiments, the 3D formed object
may include sol-gel compositions, hydrophobic or hydro-
philic compositions, phenolic resoles, cyanate esters, poly-
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imides, conductive polymers, natural product based IPNs,
sequential IPNs and polyolefin as described above.

(11) Example Photoinitiator and Photoinitiator Fragments.

In example embodiments, the 3D formed object may
include unreacted photoinitiator remaining in the 3D formed
object. For example, 1n some embodiments, from 0.1 or 0.2
percent by weight to 1, 2 or 4 percent by weight of the
photoinitiator may remain 1in the three-dimensional formed
object or the photoinitiator may be present 1n lower amounts
or only a trace amount. In some example embodiments, the
three-dimensional product may also include reacted pho-
toimitiator fragments. For example, in some embodiments,
the reacted photoinitiator fragments may be remnants of the
first cure forming the intermediate product. For example,
from 0.1 or 0.2 percent by weight to 1, 2 or 4 percent by
weilght of reacted photoinitiator fragments may remain in the
three-dimensional formed object or the reacted photoinitia-
tor fragments may be present in lower amounts or only a
trace amount.

In example embodiments, because the systems, 1n part,
consist of monomers and oligomers capable of being polym-
erized by exposure to UV light, the end products will contain
residual photoinitiator molecules and photomiator frag-
ments.

In some embodiments, a photopolymerization will
undergo the transformation outlined below. In the first step,
mitiation, UV light cleaves the initiator into active radical
fragments. These active radical fragments will go on to react
with monomer group “M.” During the propagation step, the
active monomer will react with additional monomers that
attach to the growing polymer chain. Finally, termination
can occur either by recombination or by disproportionation.

Initiation
Initiator+h —R'
R'+M—RM'
Propagation
RM'+M —RM' _,
Termination
combination
RM' +M_R—RM M _R
disproportionation
RM' +M_R—RM +M_ R

In example embodiments, 3D formed objects generated
by the processes outlined herein may contain the following
chemical products after the object 1s created:

(1) Latent unreacted photoinitiator—photoimtiator 1is
rarely 100% consumed during photopolymerization, there-
fore the product will typically contain unreacted photoini-
tiators embedded throughout the solid object:

(2) Photommitiator by-products covalently attached to the
polymer network. In example embodiments, photoinitiators
may include the following:

(a) Benzoyl-Chromophore Based: These systems take the
form
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where “R” 1s any number of other atoms, including H, O, C,
N, S. These 1nitiators cleave to form:

Where . represents a free radical. Either of these components
may go on to mitiate polymerization and will therefore be
covalently bound to the polymer network.

An example of such an mitiator 1s shown below

O O/

-O)
™~

(b) Morpholino and Amino Ketones. These systems take
the form:

(O

R

where “R” 1s any number of other atoms including H, O, C,
N, S. These 1nitiators cleave to form

R %_\>—” I (

Where . represents a free radical. Either of these components
may go on to imitiate polymerization and will therefore be
covalently bound to the polymer network.
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An example of such an initiator 1s shown below

-

(c) Benzoyl Phosphine Oxide. These systems take the
form

N/ \O
\__/

\_

R

where “R” 1s any number of other atoms including H, O, C,
N, S. These 1nitiators cleave to form

O
|
+ P—
|

R

Where . represents a free radical. Either of these components
may go on to imitiate polymerization and will therefore be
covalently bound to the polymer network.

O

‘ ‘_-.l-f""h\__
-

- d -y =

O

R—P-

R

N T

An example of such an initiator 1s shown below

O

(d) Amines. Many photoinitiators may be used in com-
bination with amines. Here the photoinitiators 1n the excited
state serve to abstract a hydrogen atom from the amine, thus
generating an active radical. This radical can go on to
initiator polymerization and will therefore become incorpo-
rated into the formed polymer network. This process 1s
outlined below:

O
|
)\‘
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R\N/\R
O OH R
)‘t R/ _ /l\ '\.N/\R
uv y /
R R R R R

Either of these active species can go on to form an active
polymer chain resulting in the structures below:

R
R/ OH
N -
e AN
R R
R

(¢) Other systems. Other types of photoinitiators that may
be used to generate such materials and therefore will gen-
erate fragments which are covalently attached to the formed
polymer network include: triazines, ketones, peroxides,
diketones, azides, azo derivatives, disulfide derivatives, disi-
lane derivatives, thiol derivatives, diselenide derivatives,
diphenylditelluride derivatives, digermane derivatives, dis-
tannane derivatives, carob-germanium compounds, carbon-
silicon derivatives, sulfur-carbon derivatives, sulfur-silicon
derivatives,  peresters, Barton’s ester derivatives,
hydroxamic and thiohydroxamic acids and esters, organobo-
rates, organometallic compounds, titanocenes, chromium
complexes, alumate complexes, carbon-sulfur or sulfur-
sulfur miferter compounds, oxyamines, aldehydes, acetals,
silanes, phosphorous-containing compounds, borane com-
plexes, thioxanthone derivatives, coumarins, anthraquino-
nes, fluorenones, ferrocenium salts.

(1) Detection. Detection of the unique chemical finger-
print of photoinitiator fragments 1n a cured polymer object
can be accomplished by a number of spectroscopic tech-
niques. Particular techmiques usetul alone or in combination
include: UV-Vis spectroscopy, fluorescence spectroscopy,
inirared spectroscopy, nuclear magnetic resonance spectros-
copy, mass spectrometry, atomic absorption spectroscopy,
raman spectroscopy, and X-Ray photoelectron spectroscopy.
D. Example Properties of 3D Objects.

The structural properties of the 3D formed object may be
selected together with the properties of the materials from
which the 3D object 1s formed to provide a wide range of
properties for the 3D object. Dual cure materials and meth-
ods described above 1n the present application may be used
to form complex shapes with desired materials properties to
form a wide range of 3D objects.

In some embodiments, 3D formed objects may be rigid
and have, for example, a Young’s modulus (MPa) in the
range of about 800 to 3500 or any range subsumed therein,
a Tensile Strength (MPa) in the range of about 30 to 100 or
any range subsumed therein, and/or a percent elongation at
break 1n the range of about 1 to 100 or any range subsumed
therein. Non-limiting examples of such rigid 3D formed
objects may include fasteners; electronic device housings;
gears, propellers, and impellers; wheels, mechanical device
housings; tools and other ngid 3D objects.

In some embodiments, 3D formed objects may be semi-
rigid and have, for example, a Young’s modulus (MPa) in
the range of about 300-2500 or any range subsumed therein,
a Tensile Strength (MPa) 1n the range of about 20-70 or any
range subsumed therein, and/or a percent elongation at break
in the range of about 40 to 300 or 600 or any range subsumed
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therein. Non-limiting examples of such rigid 3D formed
objects may include structural elements; hinges including
living hinges; boat and watercrait hulls and decks; wheels;
bottles, jars and other containers; pipes, liquid tubes and
connectors and other semi-rigid 3D objects.

In some embodiments, 3D formed objects may be elas-
tomeric and have, for example, a Young’s modulus (MPa) in
the range of about 0.5-40 or any range subsumed therein, a
Tensile Strength (MPa) 1n the range of about 0.5-30 or any
range subsumed therein, and/or a percent elongation at break
in the range of about 30-1000 or any range subsumed
therein. Non-limiting examples of such rigid 3D formed
objects may include foot-wear soles, heels, mnersoles and
midsoles; bushings and gaskets; cushions; electronic device
housings and other elastomeric 3D objects.

In examples 18-61 are given materials for the formation
of polyurethane products having a variety of different tensile
properties, ranging from elastomeric, to semi-rigid, to flex-
ible, as described above.

In some example embodiments, the process of fabricating
the product may be paused or interrupted one or more times,
to change the polymerizable liquid. In example embodi-
ments, 3D formed objects may include multiple materials
(which may, for example, be a thermoplastic or thermoset
polyurethane, polyurea, or copolymer thereot) with different
tensile strengths. While a fault line or plane may be formed
in the mtermediate by the interruption, 1f the subsequent
polymerizable liquid 1s, 1n i1ts second cure material, reactive
with that of the first, then the two distinct segments of the
intermediate will cross-react and covalently couple to one
another during the second cure (e.g., by heating or micro-
wave 1rradiation). Thus, for example, any of the materials
described herein may be sequentially changed to form a
product having multiple distinct segments with diflerent
tensile properties, while still being a unitary product with the
different segments covalently coupled to one another. In
some embodiments, a 3D object may be formed with a
plurality of regions with different materials and properties.
For example, a 3D formed object could have one or more
regions formed from a first material or first group of one or
more materials having a Tensile Strength (MPa) in the range
of about 30-100 or any range subsumed therein, and/or one
or more regions formed from a second material or second
group of one or more materials having a Tensile Strength
(MPa) 1n the range of about 20-70 or any range subsumed
therein and/or one or more regions formed from a third
material or third group of one or more maternials having a
Tensile Strength (MPa) 1n the range of about 0.5-30 or any
range subsumed therein or any combination of the forego-
ing. For example, the 3D object could have from 1-10 or
more different regions (or any range subsumed therein) with
varying tensile strength selected from any of the materials
and tensile strengths described above. For example, a hinge
can be formed, with the hinge comprising a rigid segment,
coupled to a second elastic segment, coupled to a third ngid
segment, by sequentially changing polymerizable liquids
(e.g., from among those described in examples 19-60 above)
during the formation of the three-dimensional intermediate.
A shock absorber or vibration dampener can be formed in
like manner, with the second segment being either elastic or
semi-rigid. A unitary rigid funnel and flexible hose assembly
can be formed in like manner.

E. Additional Examples of 3D Objects.

The above methods, structures, materials, compositions
and properties may be used to 3D print a virtually unlimited
number of products. Examples include, but are not limited
to, medical devices and implantable medical devices such as
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stents, drug delivery depots, catheters, bladder, breast
implants, testicle implants, pectoral implants, eye implants,
contact lenses, dental aligners, microfluidics, seals, shrouds,
and other applications requiring high biocompatibility, func-
tional structures, microneedle arrays, fibers, rods, wave-
guides, micromechanical devices, microtluidic devices; fas-
teners; electronmic device housings; gears, propellers, and
impellers; wheels, mechanical device housings; tools; struc-
tural elements; hinges including living hinges; boat and
watercralt hulls and decks; wheels; bottles, jars and other
containers; pipes, liquid tubes and connectors; foot-ware
soles, heels, innersoles and midsoles; bushings, o-rings and
gaskets; shock absorbers, funnel/hose assembly, cushions;
clectronic device housings; shin guards, athletic cups, knee
pads, elbow pads, foam liners, padding or inserts, helmets,
helmet straps, head gear, shoe cleats, gloves, other wearable
or athletic equipment, brushes, combs, rings, jewelry, but-
tons, snaps, lasteners, watch bands or watch housings,
mobile phone or tablet casings or housings, computer key-
boards or keyboard buttons or components, remote control
buttons or components, auto dashboard components, but-
tons, dials, auto body parts, paneling, other automotive,
aircrait or boat parts, cookware, bakeware, kitchen utensils,
steamers and any number of other 3D objects. The universe
of useful 3D products that may be formed 1s greatly
expanded by the ability to impart a wide range of shapes and
properties, including elastomeric properties, through the use
of multiple methods of hardening such as dual cure where a
shape can be locked-in using continuous liquid interphase
printing and subsequent thermal or other curing can be used
to provide elastomeric or other desired properties. Any of the
above described structures, materials and properties can be
combined to form 3D objects including the 3D formed
products described above. These are examples only and any
number of other 3D objects can be formed using the methods
and materials described herein.

XII. Alternate Methods and Apparatus.

While the present invention 1s preferably carried out by
continuous liquid interphase/interface polymerization, as
described 1n detail above and 1n further detail below, 1n some
embodiments alternate methods and apparatus for bottom-
up or top down three-dimension fabrication may be used,

including layer-by-layer fabrication. Examples of such

methods and apparatus include, but are not limited to, those
described 1n U.S. Pat. No. 5,236,637 to Hull, U.S. Pat. Nos.

5,391,072 and 5,529,473 to Lawton, U.S. Pat. No. 7,438,846
to John, U.S. Pat. No. 7,892,474 to Shkolnik, U.S. Pat. No.
8,110,135 to El-Siblani, U.S. Patent Application Publication
Nos. 2013/0292862 to Joyce and 2013/0295212 to Chen et
al., and PC'T Application Publicaiton No. WO 2015/164234
to Robeson et al. The disclosures of these patents and
applications are incorporated by reference herein in their
entirety.

Elements and features that may be used 1n carrying out the
present invention are explained in PCT Applications Nos.
PCT/US2014/015486 (published as U.S. Pat. No. 9,211,678
on Dec. 15, 2015); PCT/US2014/015506 (also published as
U.S. Pat. No. 9,205,601 on Dec. 8, 2015), PCT/US2014/
015497 (also published as US 2015/0097316, and to publish
as U.S. Pat. No. 9,216,546 on Dec. 22, 2013), and i J.
Tumbleston, D. Shirvanyants, N. Ermoshkin et al., Continu-
ous liquid interface production of 3D Objects, Science 347,
1349-13352 (published online 16 Mar. 2015).

Embodiments of the present mvention are explained in
greater detail 1n the following non-limiting examples.
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Example 1

High Aspect Ratio Adjustable Tension Bwld Plate
Assembly

FIG. 6 1s a top view and FIG. 7 1s an exploded view of a
3 mch by 16 inch “high aspect” rectangular build plate (or
“window”) assembly of the present invention, where the
film dimensions are 3.5 inches by 17 inches. The greater size
of the film 1tself as compared to the internal diameter of vat
ring and film base provides a peripheral or circumierential
flange portion in the film that 1s clamped between the vat
ring and the film base, as shown 1n side-sectional view in
FIG. 8. One or more registration holes (not shown) may be
provided in the polymer film 1n the peripheral or circum-
terential flange portion to aid 1n aligning the polymer film
between the vat ring and film base, which are fastened to one
another with a plurality of screws (not shown) extending
from one to the other (some or all passing through holes 1n
the peripheral edge of the polymer film) 1n a manner that
securely clamps the polymer film therebetween.

As shown 1 FIGS. 7-8 a tension ring 1s provided that
abuts the polymer film and stretches the film to tension,
stabilize or nigidily the film. The tension ring may be
provided as a pre-set member, or may be an adjustable
member. Adjustment may be achieved by providing a spring
plate facing the tension ring, with one or more compressible
clements such as polymer cushions or springs (e.g., flat
springs, coil springs, wave springs etc.) therebetween, and
with adjustable fasteners such as screw fasteners or the like
passing from the spring plate through (or around) the tension
ring to the film base.

Polymer films are preferably fluoropolymer films, such as
an amorphous thermoplastic fluoropolymer, in a thickness of
0.01 or 0.05 millimeters to 0.1 or 1 millimeters, or more. In
some embodiments we use Biogeneral Teflon AF 2400
polymer film, which 1s 0.0035 inches (0.09 millimeters)

thick, and Random Technologies Tetlon AF 2400 polymer
film, which 1s 0.004 inches (0.1 millimeters) thick.

Tension on the film 1s preferably adjusted with the tension
ring to about 10 to 100 pounds, depending on operating
conditions such as fabrication speed.

The vat rnng, film base, tension ring, and tension ring
spring plate may be fabricated of any suitable, preferably
rigid, material, including metals (e.g., stainless steel, alumi-
num and aluminum alloys), carbon fiber, polymers, and
composites thereof.

Registration posts and corresponding sockets may be

provided 1n any of the vat ring, film base, tension ring and/or
spring plate, as desired.

Example 2

Round Adjustable Tension Round Build Plate
Assembly

FIG. 9 1s a top view and FIG. 10 1s an exploded view of
a 2.88 inch diameter round build plate of the invention,
where the film dimension may be 4 inches in diameter.
Construction 1s 1n like manner to that given 1n Example 1
above, with a circumierential wave spring assembly shown
in place. Tension on the film preferably adjusted to a like
tension as given 1 Example 1 above (again depending on
other operating conditions such as fabrication speed).

FIG. 10 1s an exploded view of the build plate of FIG. 8.
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Example 3

Additional Embodiments of Adjustable Build Plates

FIG. 11 shows various alternate embodiments of the build
plates of FIGS. 7-10. Materials and tensions may be 1n like
manner as described above.

Example 4

Example Embodiment of an Apparatus

FIG. 12 1s a front perspective view, FIG. 13 1s a side view
and FIG. 14 1s a rear perspective view of an apparatus 100
according to an exemplary embodiment of the invention.
The apparatus 100 includes a frame 102 and an enclosure
104. Much of the enclosure 104 1s removed or shown
transparent in FIGS. 12-14.

The apparatus 100 includes several of the same or similar
components and features as the apparatus described above 1n
reference to FIG. 2. Referring to FIG. 12, a build chamber
106 1s provided on a base plate 108 that 1s connected to the
frame 102. The build chamber 106 1s defined by a wall or vat
ring 110 and a build plate or “window” such as one of the
windows described above in reference to FIGS. 2 and 6-11.

Turning to FIG. 13, a carrier 112 1s driven 1n a vertical
direction along a rail 114 by a motor 116. The motor may be
any suitable type of motor, such as a servo motor. An
exemplary suitable motor 1s the NXM45A motor available
from Oriental Motor of Tokyo, Japan.

A hiquid reservoir 118 1s 1n fluid communication with the
build chamber 106 to replenish the build chamber 106 with
liquid resin. For example, tubing may run from the liquid
reservoir 118 to the build chamber 106. A valve 120 controls
the tlow of liquid resin from the liquid reservoir 118 to the
build chamber 106. An exemplary suitable valve 1s a pinch-
style aluminum solenoid valve for tubing available from
McMaster-Carr of Atlanta, Ga.

The frame 102 includes rails 122 or other some other
mounting feature on which a light engine assembly 130
(FIG. 15) 1s held or mounted. A light source 124 1s coupled
to the light engine assembly 130 using a light guide entrance
cable 126. The light source 124 may be any suitable light
source such as a BlueWave® 200 system available from
Dymax Corporation of Torrington, Conn.

Turning to FIG. 15, the light engine or light engine
assembly 130 includes condenser lens assembly 132 and a
digital light processing (DLP) system including a digital
micromirror device (DMD) 134 and an optical or projection
lens assembly 136 (which may include an objective lens). A
suitable DLP system 1s the DLP Discovery™ 4100 system
available from Texas Instruments, Inc. of Dallas, Tex. Light
from the DLP system 1s reflected off a mirror 138 and
illuminates the build chamber 106. Specifically, an “1mage™
140 1s projected at the build surface or window.

Retferring to FIG. 14, an electronic component plate or
breadboard 150 1s connected to the frame 102. A plurality of
clectrical or electronic components are mounted on the
breadboard 150. A controller or processor 152 1s operatively
associated with various components such as the motor 116,
the valve 120, the light source 124 and the light engine
assembly 130 described above. A suitable controller 1s the

Propeller Proto Board available from Parallax, Inc. of Rock-
lin, Calif.




US 9,453,142 B2

69

Other electrical or electronic components operatively
associated with the controller 152 include a power supply
154 and a motor driver 158 for controlling the motor 116. In
some embodiments, an LED light source controlled by pulse
width modulation (PWM) driver 156 1s used instead of a
mercury lamp (e.g., the Dymax light source described
above).

A suitable power supply 1s a 24 Volt, 2.5 A, 60 W,
switching power supply (e.g., part number PS1-60W-24
(HF60W-SL-24) available from Marlin P. Jones & Assoc,
Inc. of Lake Park, Fla.). If an LED light source 1s used, a
suitable LED driver 1s a 24 Volt, 1 4A LED dniver (e.g., part
number 788-1041-ND available from Digi-Key of Thief
River Falls, Minn. A suitable motor driver 1s the NXD20-A
motor driver available from Oriental Motor of Tokyo, Japan.

The apparatus of FIGS. 12-15 has been used to produce
an “image size” ol about 75 mm by 100 mm with light
intensity of about 5 mW/cm”. The apparatus of FIGS. 12-15
has been used to build objects at speeds of about 100 to 500
mm/hr. The build speed 1s dependent on light intensity and
the geometry of the object.

Example 5

Another Example Embodiment of an Apparatus

FIG. 16 1s a front perspective view of an apparatus 200
according to another exemplary embodiment of the mnven-
tion. The apparatus 200 includes the same components and
teatures of the apparatus 100 with the following diflerences.

The apparatus 200 1ncludes a frame 202 including rails
222 or other mounting feature at which two of the light
engine assemblies 130 shown in FIG. 15 may be mounted 1n
a side-by-side relationship. The light engine assemblies 130
are configured to provide a pair of “tiled” 1mages at the build
station 206. The use of multiple light engines to provide tiled
images 1s described 1n more detail above.

The apparatus of FIG. 16 has been used to provide a tiled
“mmage si1ze” ol about 150 mm by 200 mm with light
intensity of about 1 mW/cm~. The apparatus of FIG. 16 has
been used to build objects at speeds of about 350 to 100
mm/hr. The build speed 1s dependent on light intensity and
the geometry of the object.

Example 6

Another Example Embodiment of an Apparatus

FIG. 18 1s a front perspective view and FIG. 19 1s a side
view ol an apparatus 300 according to another exemplary
embodiment of the mvention. The apparatus 300 includes
the same components and features of the apparatus 100 with
the following differences.

The apparatus 300 i1ncludes a frame 302 including rails
322 or other mounting feature at which a light engine
assembly 330 shown in FIG. 20 may be mounted 1n a
different orientation than the light assembly 130 of the
apparatus 100. Referring to FIGS. 19 and 20, the light
engine assembly 330 includes a condenser lens assembly
332 and a digital light processing (DLP) system including a
digital micromirror device (DMD) 334 and an optical or
projection lens assembly 336 (which may include an objec-
tive lens). A suitable DLP system 1s the DLP Discovery™
4100 system available from Texas Instruments, Inc. of
Dallas, Tex. Light from the DLP system illuminates the build
chamber 306. Specifically, an “1mage” 340 1s projected at the
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build surface or window. In contrast to the apparatus 100, a
reflective mirror 1s not used with the apparatus 300.

The apparatus of FIGS. 18-20 has been used to provide
“1mage si1zes” of about 10.5 mm by 14 mm and about 24 mm
by 32 mm with light intensity of about 200 mW/cm?* and 40
mW/cm” The apparatus of FIGS. 18-20 has been used to
build objects at speeds of about 10,000 and 4,000 mm/hr.
The build speed 1s dependent on light intensity and the
geometry of the object.

Example 7
Control Program with Lua Scripting

Current printer technology requires low level control 1n
order to ensure quality part fabrication. Physical parameters
such as light intensity, exposure time and the motion of the
carrier should all be optimized to ensure the quality of a part.
Utilizing a scripting interface to a controller such as the
Parallax PROPELLER™ microcontroller using the pro-
gramming language “Lua” provides the user with control

over all aspects of the printer on a low level. See generally

R. Ierusalimschy, Programming in Lua (2013) (ISBN-10:
859037985X; ISBN-13:978-8590379850).

This Example illustrates the control of a method and
apparatus of the invention with an example program written
utilizing Lua scripting. Program code corresponding to such
instructions, or variations thereof that will be apparent to
those skilled 1n the art, 1s written 1n accordance with known
techniques based upon the particular microcontroller used.

Concepts.

A part consists of slices of polymer which are formed
continuously. The shape of each slice 1s defined by the frame
that 1s being displayed by the light engine.

Frame.

The frame represents the final output for a slice. The
frame 1s what manifests as the physical geometry of the part.
The data i the frame 1s what 1s projected by the printer to
cure the polymer.

Slice.

All the 2D geometry that will be outputted to a frame
should be combined 1n a Slice. Slices can consist of proce-
dural geometry, Slices of a 3D model or any combination of
the two. The slice generating process allows the user to have
direct control over the composition of any frame.

Slice of a 3D Model.

A slice 1s a special type of 2D geometry derived from a 3D
model of a part. It represents the geometry that intersects a
plane that 1s parallel to the window. Parts are usually
constructed by taking 3D models and slicing them at very
small intervals. Each slice 1s then interpreted in succession
by the printer and used to cure the polymer at the proper
height.

Procedural Geometry.

Procedurally generated geometry can also be added to a
slice. This 1s accomplished by invoking shape generation
functions, such as “addcircle”, “addrectangle”, and others.
Each function allows projection of the corresponding shape
onto the printing window. A produced part appears as a
vertically extruded shape or combination of shapes.

Coordinate Spaces: Stage.

The coordinate system that the stage uses i1s usually
calibrated such that the origin 1s 1-20 microns above the
window.

Coordinate Spaces: Slice.

Coordinate system of the projected slice 1s such that

origin 1s located at the center of the print window.
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Quick Start.

The following 1s the most basic method of printing a part
from a sliced 3D model. Printing a sliced model consists of
4 main parts: Loading the data, preparing the printer, print-
ing, and shutdown.

Loading Data.

In this section of the code the sliced model data 1s loaded
into memory. The file path to the model 1s defined 1n the

Constants section of the code. See the tull code below for
details.

--Loading Model
modelFilePath = “Chess King.svg”
numsSlices = loadslices(inodelFilePath)

Preparing the printer it 1s important to do two things
betfore printing. You must first turn on the light engine with
the relay function, and 11 applicable, the desired fluid height
should be set.

--Prepare Printer

relay(true)--turn light on

showirame(-1) --ensure nothing i1s exposed durring setup

setlevels(.53, .6)--1f available, printer set fluid pump to maintain about

55% fill

Printing.

The first step of the printing process 1s to calibrate the
system and set the stage to 1ts starting position by calling
gotostart. Next we begin a for loop 1 which we print each
slice. The first line of the for loop uses the infoline command
to display the current slice index in the sidebar. Next we
determine the height at which the next slice should be cured.
That value 1s stored to nextHeight. Following this we move
the stage to the height at which the next slice needs to be
cured. To ensure a clean print 1t can sometimes be necessary
to wait for oxygen to diffuse into the resin. Therefore we call
sleep for a half second (the exact time for preExposureTime

--Constants
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1s defined in the constants section as well). After this 1t’s
time to actually cure the resin so we call showirame and pass
it the index of the slice we want to print, which 1s stored 1n
sliceIndex by the for loop. We sleep again after this for
exposureTime seconds 1n order to let the resin cure. Belore
moving on to the next frame, we call showirame(-1) n
order to prevent the light engine from curing any resin while

the stage 1s moving to the next height.

--Execute Print
gotostart( )--move stage to starting position
for sliceIndex =0,numSlices-1 do
infolime(d, string.format(*“Current Slice: %d”, slicelndex))
nextHeight = sliceheight(sliceIndex)--calculate the height that the stage
should be at to expose this frame
moveto(nextHeight, stageSpeed)--move to nextHeight
sleep(preExposureTime)--wait a given amount of time for oxygen to
diffuse mnto resin ,
prepExposureTime 1s predefined in the Constants section
showframe(sliceIndex)--show frame to expose
sleep(exposureTime)--wait while frame exposes, exposureTime 1s
predefined in the Constants section
showirame(-1)-- show nothing to ensure no exposure while stage is
moving to next position

end

Shutdown.

The final step 1n the printing process 1s to shut down the
printer. Call relay(false) to turn the light engine off. If you
are using tluid control, call setlevels(0,0) to ensure the valve
1s shut ofl. Finally 1t 1s a good 1dea to move the stage up a
bit after printing to allow for easy removal of the part.

--Shutdown
relay(false)
setlevels(0,0)

--Lift stage to remove part
moveby(25, 16000)

Fully completed code implementing instructions based on
the above 1s set forth below.

exposureTime = 1.5-- 1n seconds
preExposureTime = 0.5 -- 1n seconds
stageSpeed = 300 --in mm/hour
--Loading Model
modelFilePath = “Chess King.svg”

numsSlices = loadslices(imodelFilePath)

--calculating parameters

maxPrintHeight = sliceheight(numSlices-1)--find the highest point in the print, this 1s the
same as the height of the last slice. Slices are O indexed, hence the -1.

infoline(1, “Current Print Info:”)

infoline(2, string.format(*“Calculated Max Print Height: %dmm”, maxPrintHeight))
infoline(3, string.format(*“Calculated Est. Time: %dmin”, (maxPrintHeight/stageSpeed)*60
+ (preExposureTime+exposureTime)*numSlices/60))

infoline(4, string.format(*Number of Slices: %d”, numSlices))

--Prepare Printer
relay(true)--turn light on

showirame(-1) --ensure nothing i1s exposed durring setup

setlevels(.55, .6)--1f available, printer set fluid pump to maintain about 55% fill

--Execute Print

gotostart( )--move stage to starting position
for sliceIndex =0,numSlices-1 do

infoline(5, string.format(*“Current Slice: %d”, slicelndex))
nextHeight = sliceheight(sliceIndex)--calculate the height that the stage
should be at to expose this frame

moveto(nextHeight, stageSpeed)--move to nextHeight

sleep(preExposureTime)--wait a given amount of time for oxygen to diffuse

into resin , prepExposureTime 1s predefined in the Constants section

showirame(sliceIndex)--show frame to expose
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-continued

sleep(exposureTime)--wait while frame exposes, exposureTime 1s predefined

in the Constants section

74

showirame(-1)-- show nothing to ensure no exposure while stage i1s moving to next

position
end
--Shutdown
relay(false)
setlevels(0,0)
--Lift stage to remove part
moveby(25, 16000)

(otostart.

The main purpose of gotostart 1s to calibrate the stage.
This function resets the coordinate system to have the origin
at the lowest point, where the limit switch 1s activated.
Calling this command will move the stage down until the
limit switch in the printer 1s activated; this should occur
when the stage 1s at the absolute minimum height.
gotostart( ) moves stage to start at the maximum speed
which varies from printer to printer.
gotostart( )—moving to origin at default speed
gotostart(number speed) moves stage to start at speed given

in millimeters/hour.
gotostart(15000)—moving stage to origin at 15000 mm/hr
speed: speed, in mm/hour, at which the stage will move to
the start position.
Moveto
moveto allows the user to direct the stage to a desired
height at a given speed. Safe upper and lower limits to speed
and acceleration are ensured internally.
moveto(number targetHeight, number speed)
moveto(25, 15000)—moving to 25 mm at 15,000 mm/hr
moveto(number targetHeight, number speed, number accel-
eration)
This version of the function allows an acceleration to be
defined as well as speed. The stage starts moving at initial
speed and then increases by acceleration.
moveto(25, 20000, 1e7)—moving the stage to 25 mm at
20,000 mm/hr while accelerating at 1 million mm/ht 2
moveto(number targetHeight, number speed, table control-
Points, function callback)
This function behaves similar to the basic version of the
function. It starts at its mitial speed and position and moves
to the highest point on the control point table. callback 1s
called when the stage passes each control point.
function myCallbackFunction(index }—defining the call-
back function
print(“hello™)
end
moveto(25, 20000, slicecontrolpomnts( ), myCallback-
Function)—
moving the stage to 25 mm at 20,000 mm/hr while calling
myCallbackFunction at the control points generated by
slicecontrolpoints( )
moveto(number targetHeight, number speed, number accel-
eration, table controlPoints, function callback) This function
1s the same as above except the user can pass an acceleration.
The stage accelerates from its 1nitial position continuously
until 1t reaches the last control point.
function myCallbackFunction(index }—defining the call-
back function
print(“hello™)
end
moveto(25, 20000, 0.5¢7, slicecontrolpoints( ), myCall-
backFunction)—
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moving the stage to 25 mm at 20,000 mm/hr while
accelerating at 0.5 million mm/hr 2 and also calling
myCallbackFunction at the control
points generated by slicecontrolpoints( )
targetHeight: height, 1n mm from the origin, that the
stage will move to.
iitialSpeed: mitial speed, in mm/hour, that the stage
will start moving at.
acceleration: rate, in mm/hour”, that the speed of the
stage will increase from 1nitial speed.
controlPoints: a table of target heights 1n millimeters.
After the stage reaches a target height, 1t calls the
function callback.
callback: pointer to a function that will be called when
the stage reaches a control point. The callback func-
tion should take one argument which 1s the index of
the control point the stage has reached.
moveby
moveby allows the user to change the height of the stage
by a desired amount at a given speed. Safe upper and
lower limits to speed and acceleration are ensured
internally.
moveby(number dHeight, number nitalSpeed)
moveby(-2, 15000)—moving down 2 mm at 15,000
mm/hr

moveby(number dHeight, number initialSpeed, number
acceleration)

This version of the function allows an acceleration to be
defined as well as speed. The stage starts moving at
initi1al speed and then increases by acceleration until 1t

reaches 1ts destination.

1 moveby(25, 15000, 1e7)—moving up 25 mm at 15,000

mm/hr while accelerating 1e7 mm/hr 2
moveby(number dHeight, number imitialSpeed, table con-
trolPoints, function callback)

This function usage allows the user to pass the function a
table of absolute height coordinates. After the stage
reaches one of these target heights, 1t calls the function
‘callback.” Callback should take one argument which 1s
the index of the control point 1t has reached.
function myCallbackFunction(index)—defining the

callback tunction print(“hello”)
end
moveby(25, 20000, slicecontrolpoits( ), myCallback-
Function)—moving the stage up 25 mm at 20,000
mm/hr while calling myCallbackFunction at the con-
trol points generated by slicecontrolpoints( )
moveby(number dHeight, number initialSpeed, number
acceleration, table controlPoints, function callback)
This function 1s the same as above except the user can
pass an acceleration. The stage accelerates from its
initial position continuously until it reaches the last
control point.
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function myCallbackFunction(index)—defiming the call-

back function print(“hello”) end

moveby (25, 20000, 1¢7,slicecontrolpoints( ), myCall-

backFunction)}—moving the stage up 25 mm at 20,000
mm/hr while calling myCallbackFunction at the control
points generated by slicecontrolpoints( ) and acceler-
ating at 1e7 mm/hr 2

dHeight: desired change in height, in millimeters, of the

stage.

initialSpeed: mitial speed, in mm/hour, at which the stage

moves.

acceleration: rate, in mm/hour?, that the speed of the stage

will increase from initial speed.

controlPoints: a table of target heights in millimeters.

After the stage reaches a target height, 1t calls the
function callback.

callback: pointer to a function that will be called when the

stage reaches a control point. The callback function
should take one argument which 1s the index of the
control point the stage has reached.
Light Engine Control
Light
relay 1s used to turn the light engine on or ofl 1n the printer.
The light engine must be on 1n order to print. Make sure
the relay 1s set to ofl at the end of the script.
relay(boolean lightOn)
relay(true)—turning light on
l1ghtOn: false turns the light engine o
light engine on.
Adding Procedural Geometry
Functions 1n this section exist to project shapes without
using a sliced part file. Every function in this section has an
optional number value called figurelndex. Fach figure 1n a
slice has 1ts own index. The figures reside one on top of
another. Figures are drawn so that the figure with the highest
index 1s ‘on top’ and will therefore not be occluded by
anything below it. By default indexes are assigned in the
order that they are created so the last figure created will be
rendered on top. One can, however, change the index by
passing the desired index into figurelndex.

Every function 1n this section requires a slicelndex argu-
ment. This value 1s the index of the slice that the figure waill
be added to.

Note that generating this procedural geometry does not
guarantee that 1t will be visible or printable. One must use
one of the functions such as fillmask or linemask outlined
below.

Addcircle

addcircle(number x, number y, number radius, number
sliceIndex) addcircle draws a circle 1 the specified slice
slice.
addCircle(0,0,5,0)-creating a circle at the origin of the first
slice with a radius of 5 mm

x: 18 the horizontal distance, in millimeters, from the

center of the circle to the ongin.

y: 1s the vertical distance, in millimeters, from the center

of the circle to the origin.

radius: 1s the radius of the circle measured 1n millimeters.

sliceIndex: index of the slice to which the figure will be

added.

Returns: figure index of the figure.

Addrectangle

addrectangle(number x, number y, number width, number
height number slicelndex) addrectangle draws a rectangle in
the specified slice.
addrectangle(0,0, 3,5, O)—<creating a 5 mmx5 mm square
with 1ts top leit corner at the origin.

1, true turns the
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X: horizontal coordinate, 1n millimeters, of the top leit
corner of the rectangle.
y: vertical coordinate, in millimeters, of the top left corner
of the rectangle.
width: width of the rectangle in millimeters.
height: height of the rectangle 1n millimeters.
sliceIndex: index of the slice to which the figure will be
added.
Returns: figure index of the figure.
Addline
addline(number x0, number yO, number x1, number y'l,
number slicelndex) addline draws a line segment.
addLine(0,0, 20,20, O)——creating a line from the origin to
20 mm along the x and y axis on the first slice.
x0: horizontal coordinate of the first point in the segment,
measured 1in millimeters.
y0: vertical coordinate of the first point 1n the segment,
measured in millimeters.
x1: horizontal coordinate of the second point in the
segment, measured 1n millimeters.
y2: vertical coordinate of the second point in the segment,
measured in millimeters.
sliceIndex: index of the slice to which the figure will be
added. Returns: figure index of the figure.
Addtext
text(number x, number y, number scale, string text, num-
ber slicelndex) addtext draws text on the specified slice
starting at position ‘X, y’ with letters of size ‘scale’.

addtext(0,0, 20, “Hello world”, 0)—writing Hello World at

the origin of the first slice
x: horizontal coordinate, measured in millimeters, of the
top left corner of the bounding box around the text.
y: vertical coordinate, measured 1n millimeters, of the top
left corner of the bounding box around the text.
scale: letter size 1n millimeters, interpretation may vary
depending on the underlying operating system (Win-
dows, OSX, Linux, etc).
text: the actual text that will be drawn on the slice.
sliceIndex: index of the slice to which the figure will be
added. Returns: figure index of the figure.
Fill and Line Control
Fillmask
fillmask(number color, number slicelndex, number fig-
urelndex) fillmask 1s used to control how the proce-
dural geometry 1s drawn. fillmask tells the figure 1n
question to fill the entirety of 1ts interior with color.
color: can be any number on the range O to 255. Where
0 1s black and 255 1s white, any value 1n between 1s
a shade of grey interpolated linearly between black
and white based on the color value. Any value less
than 0 will produce a transparent color.

myCircle=addCircle(0,0,5,0)—creating the circle to fill

fillmask(255, 0, myCircle)—Creating a white filled
circle
sliceIndex: the index of the slice that should be modified.
figurelndex: the 1s used to determine which figure on the
slice should be filled. Each figure has its own unique
index. If no figurelndex 1s passed, the fill applies to all
figures 1n the slice.
Linemask
linemask(number color, number slicelndex, number fig-
urelndex) linemask 1s used to control how the procedural
geometry 1s drawn. linemask tells a figure to draw its outline
in a specific color. The width of the outline 1s defined by the
function linewidth.
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myCircle=addCircle(0,0,20,0)—creating the circle to fill

limemask(253, 0, myCircle)—setting the outline of the
circle to be white fillmask(150,0, myCircle)—setting
the fill of the circle to be grey

color: can be any number on the range 0 to 255. Where O
1s black and 255 1s white, any value 1n between 1s a
shade of grey interpolated linearly between black and
white based on the color value. Any value less than O
will produce a transparent color.

sliceIndex: the index of the slice that should be modified.

figurelndex: 1s used to determine which figure on the slice

should be filled.

Each figure has its own unique index. If no figurelndex 1s

passed, the fill applies to all figures 1n the slice.
Linewidth

linewidth(number width, number sliceIndex, number fig-
urelndex) linewidth 1s used to set the width of the line
that linemask will use to outline the figure.

linew1dth(2,0)—setting the line width for every figure on
the first slice to 2 mm
sliceIndex: the index of the slice that should be modi-

fied.
figurelndex: 1s used to determine which figure on the
slice should have its outline changed. Each figure has
its own unique index, see section 2.3 (Pg. 10) for
more details. If no figurelndex 1s passed, the fill
applies to all figures 1n the slice.
Loadmask
loadmask(string filepath) loadmask allows for advanced
{11l control. It enables the user to load a texture from a
bitmap file and use 1t to fill the entirety of a figure with
the texture.
texture=loadmask(*“voronoi_noise.png”’)—loading  tex-
ture. voronol_noise.png 1s 1 the same directory as the
script.
myCircle=addCircle(0,0,20,0)—creating the circle to fill
fillmask(texture, 0, myCircle)—filling the circle with
VOronol1 noise
filepath: file path to image file
Returns: a special data type which can be passed mto a
fillmask or
linemask function as the color argument.
Frames
Showirame
showirame(number slicelndex) showirame 1s essential to
the printing process. This function sends the data from
a slice to the printer. Call showirames on a frame that
doesn’t exist to render a black frame e.g. showirame
(-1).
showirame(2)—showing the 3rd slice
sliceIndex: the index of the slice to send to the printer.
Framegradient
framegradient(number slope) framegradient 1s designed
to compensate for diflerences 1n light intensity.
Calcirame
calctrame( )
calcirame 1s designed to analyze the construction of a
slice calculates the last frame shown.
showirame(0)
calcirame( )
Returns: the maximum possible distance between any
point in the figure and the edge.
2.5.4 loadirame
loadframe(string file path)
loadframe 1s used to load a single slice
from a supported bitmap file.

5

10

15

20

25

30

35

40

45

50

55

60

65

78

loadirame(*‘slice.png”)}—slice.png 1s 1n the same direc-
tory as the script
filepath: file path to slice image.
Slices
addslice

addslice(number sliceHeight) addslice creates a new slice
at a given height at the end of the slice stack.
addslice(0.05)—adding a slice at 0.05 mm
addslice(number sliceHeight, number slicelndex)
addslice(0.03, 2)—adding a slice at 0.05 mm and at index
2. this pushes all layers 2 and higher up an index.
addslice creates a new slice at a given height and slice
index.
sliceHeight: height, in millimeters, of the slice.
sliceIndex: index at which the slice should be added.
Returns: slice index.
Loadslices

loadslices(string filepath) loadslices

1s used to load all the slices
from a 2D slice file.
loadslices(*“Chess King.svg”)—loading all the slices from

the Chess King.svg file
filepath: file path to the sliced model. Acceptable for-
mats are .cli and .svg. Returns: number of slices.
Sliceheight
sliceheight(number slicelndex) sliceheight
1s used to find the height of a slice 1n
mm oil the base.
addslice(0.05,0)—setting the first slice to 0.05 mm
sliceheight(0)—checking the height of slice 0, 1n this
example 1t should return 0.05
sliceIndex: 1index of the slice to check. Returns: slice
height 1n mm. 2.6.4 slicecontrolpoints
slicecontrolpoints( ) slicecontrolpoints 1s a helper func-
tion which creates a control point for each slice of a
model. These control points can be passed to the
moveto or moveby function to set 1t to callback when
the stage reaches the height of each slice. Make sure
loadsilces has been called prior to calling this funtion.
loadslices(*“Chess King.svg™)
controlPoints=slicecontrolpoints( )
Returns: Lua table of control points.

Timing

Sleep

sleep(number seconds) sleep allows the user to pause the
execution of the program for a set number of seconds.
sleep(.5)—sleeping for a half second

seconds: number of seconds to pause script execution.
Clock

clock( ) clock returns the current time in seconds. It 1s
accurate at least up to the millisecond and should therefore
be used 1nstead of Lua’s built 1n clock functionality, clock
should be used as a means to measure diflerences 1n time as
the start time for the second count varies from system to
system.

t1=clock( )

loadslices(*“Chess King.svg™)

deltaTime=clock( )-tl

Returns: system time 1n seconds.
Fluid Control

This set of functions can be used with printer models that
support fluid control. Before the script finishes executing,
setlevels(0,0) should be called to ensure that the pump stops
pumping fluid into the vat.
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Getcurrentlevel
getcurrentlevel( ) getcurrentlevel

returns the percentage of the vat
that 1s full.
print(stringformat(*“Vat 1s % d percent tull.”, getcur-

rentlevel *100))
Returns: a floating point number on the range 0 to 1 that
represents the percentage of the vat that 1s tull.
setlevels
setlevels(number min, number max) setlevels allows the
user to define how much fluid should be 1n the vat. The
fluad height will be automatically regulated by a pump.
The difference between min and max should be greater
than 0.05 to ensure that the valve 1s not constantly
opening and closing.
setlevels(0.7,0.75)—keeping vat about 75 percent full
min: the minim percentage of the vat that should be full.
Entered as a floating point number from O to 1.
max: the max percentage of the vat that should be full.
Entered as a floating point number from O to 1.
User Feedback
infoline
infoline(int linelndex, string text) infoline allows the user
to display up to 5 lines of text 1n a constant position on
the sidebar of the Programmable Printer Platform. This
function 1s often used to allow the user to monitor
several changing variables at once.
infoline(1, string.format(*“Vat 1s % d percent full.”,
getcurrentlevel( )*100))
linelndex: the index of the line. Indexes should be 1n
the range 1 to 5, 1 being the upper most line.
—text: text to be displayed at line index.
(Global Configuration Table.
Before a print script 1s executed, all global variables are
loaded 1nto a configuration table called cifg. Most of the data
in this table has already been read by the Programmable
Printer Platform by the time the users script executes,
therefore, changing them will have no effect. However,
writing to the xscale, yscale, zscale, xorig and vorig fields of
the cig, will eflect all the loadslices and addlayer calls that
are made afterwards. If the users script 1s designed to be run
at a specific scale and/or position, it 1s good practice to
override the cig with the correct settings to ensure the scale
and position can’t be accidentally changed by the Program-
mable Printer Platiorm.

cfg.xscale = 3 --overriding global settings to set scale on the x axis to 3
cig.yscale = 2 --overriding global settings to set scale on the y axis to 2
cfg.zscale = 1 --overriding global settings to set scale on the z axis to 1
clfg.xorg = -2.0 --overriding global settings to set the origin on the x axis
2mm left

cig.yorig = 0.25 --overriding global settings to set the origin on the y axis
25mm 1n the positive direction

Fields 1n cig:

-serial port: name of serial port (changing this variable wont effect code)
-xscale: x scale -yscale: y scale

-zscale: z scale

-XOrig: X Origin -yorig: y origin
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-continued

-hw xscale: pixel resolution in x direction (changing this variable won’t
effect code)
-hw yscale: pixel resolution in y direction (changing this variable won’t
effect code)

Usetul Lua Standard Libraries.

The math standard library contains several diflerent func-
tions that are useful in calculating geometry. The string
object 1s most useful 1n printing for manipulating info
strings. For details contact LablLua at Departamento de
Informatica, PUC-Rio, Rua Marques de Sdo Vicente, 225;
22451-900 Rio de Janeiro, RJ, Brazil

Example 8

Lua Script Program for Continuous Print

This example shows a Lua script program corresponding,
to Example 7 above for continuous three dimension printing.

--Constants
sliceDepth = .05--1n millimeters
exposureTime = .225-- in seconds
--Loading Model
modelFilePath = “Chess King.svg”
numsSlices = loadslices(modelFilePath)
controlPoints = slicecontrolpoints( )--Generate Control Points
--calculating parameters
exposureTime = exposureTime/(60*60)--converted to hours
stageSpeed = sliceDepth/exposureTime--required distance/required time
maxPrintHeight = sliceheight(numSlices-1)--find the highest point
in the print,
this 1s the same as the height of the last slice. Slices are O indexed, .
hence the -1.
infolime(1, “Current Print Info:”)
infoline(2, string.format(*“Calulated Stage Speed: %dmm/hrin™,
stageSpeed))
infoline(3, string.format(*“Calculated Max Print Height: %dmm”™,
maxPrintHeight))
infoline(4, string.format(*“Calculated Est. Time: %dmin™,
(maxPrintHeight/stageSpeed )*60))
--Create Callback Function for use with moveto
function movetoCallback(controlPointIndex)
showirame(control Pointindex)
end
--Prepare Printer
relay(true)--turn light on
setlevels(.55, .6)--1f available, printer set fluid pump to maintain about
50% fill
--Execute Print
gotostart( )--move stage to starting position
moveto(maxPrintHeight, stageSpeed, controlPoints, movetoCallback)
--Shutdown
relay(false)
setlevels(0,0)
--Lift stage to remove part
moveby(25, 160000)

Example 9
Lua Script Program for Cylinder and Buckle

This example shows a Lua script program for two fitted
parts that use procedural geometry.

--Constants

exposureTime = 1.5-- 1n seconds
preExposureTime = 1 -- in seconds
stageSpeed = 300 --in mm/hour

sliceDepth = .05
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numsSlices = 700
--Generating Model
radius = 11
thickness = 4
smallCircleRad = 1.4
for sliceIndex = 0,numSlices-1 do
addlayer(sliceDepth*(sliceIndex+1), slicelndex)--the depth of a slice*its index =
height of slice
largeCircle = addcircle(0,0,rad1us, slicelndex)
linewidth(thickness, slicelndex, largeCircle)
linemask(255, slicelndex, largeCircle)
for 1=0,2*math.p1, 2*math.p1/8 do
addcircle(math.cos(1)*radius, math.sin(1)*radius, smallCircleRad,
sliceIndex)

end
fillmask(0,sliceIndex)
end
--calculating parameters
maxPrintHeight = sliceheight(numSlices-1)--find the highest point in the print, this 1s the
same as the height of the last slice. Slices are O indexed, hence the -1.
infolime(1, “Current Print Info:”)
infolime(2, string.format(*““Calculated Max Print Height: %dmm™, maxPrintHeight))
infolime(3, string.format(*“Calculated Est. Time: %dmin”,
(maxPrintHeight/stageSpeed)*60 +
(preExposureTime+exposure Time)*numSlices/60))
infoline(4, string.format(“Number of Slices: %d”, numSlices))
--Prepare Printer
relay(true)--turn light on
showirame(-1) --ensure nothing is exposed durring setup
setlevels(.55, .6)--1f available, printer set fluid pump to maintain about 55% fill
--Execute Print
gotostart( )--move stage to starting position
for sliceIndex =0,numSlices-1 do
infoline(5, string.format(“Current Slice: %d”, sliceIndex))
nextHeight =sliceheight(sliceIndex)--calculate the height that the stage
should be at to expose this frame
moveto(nextHeight, stageSpeed)--move to nextHeight
sleep(preExposureTime)--wait a given amount of time for oxygen to diffuse into
resin , prepExposureTime is predefined in the Constants section
showirame(sliceIndex)--show frame to expose
sleep(1.5)--wait while frame exposes, exposureTime 1s predefined in the
Constants section
showframe(-1)-- show nothing to ensure no exposure while stage 1s moving to
next position

end

--Shutdown

relay(false)

setlevels(0,0)

--Lift stage to remove part

moveby(25, 160000)
Buckle:

--Constants
exposureTime = 1.5-- 1n seconds
preExposureTime = 0.5 -- 1n seconds
stageSpeed = 300 --in mm/hour
sliceDepth = .03
numsSlices = 900
--Generating Model
baseRadius = 11
thickness = 3
innerCircleRad = 7.5
for sliceIndex = 0,numSlices-1 do
addlayer(sliceDepth*(sliceIndex+1))--the depth of a slice®its index = height
of slice
if(slicelndex < 100) then --base
addcircle(0,0, baseRadius, slicelndex)

fillmask(253, sliceIndex)

else -- mmer circle
innerCircle =addcirele(0,0, mnerCircleRad, slicelndex)
linewidth(thickness, slicelndex, innerCircle)
linemask(255, sliceIndex, innerCircle)

for 1 =0,4*%2*math.p1/8, 2*math.p1/8 do
x = math.cos(1)*(innerCircleRad+thickness)
y = math.sin(1)*(innerCircleRad+thickness)
cutLine =addline(x.,y, -X,-vy, slicelndex)
limewidth(3, sliceIndex, cutLine)
limemask(0, sliceIndex, cutLine)

end
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if (sliceIndex > 800) then --tips
r0 = mnerCircleRad +2
if(sliceIndex < 850) then
10 = mnerCircleRad + (slicelndex-800)*(2/50)
end
for 1 = 0,4*2*math.p1/8, 2*math.p1/8 do
ang = 1 + (2*math.p1/8)/2
x = math.cos(ang)*(r0)
y = math.sin{ang)*(r0)
nubLine = addline(X.,y, -X,-y, slicelndex)
limewidth(2, sliceIndex, nubLine)
limemask(255, slicelndex, nubLine)

34

end
fillmask(0,sliceIndex, addcircle(0,0, innerCircleRad-(thickness/2),
sliceIndex))
end
end
showirame(sliceIndex)
sleep(.02)
end

--calculating parameters

maxPrintHeight = sliceheight(numSlices-1)--find the highest point in the print, this 1s the

same as the height of the last slice. Slices are O indexed, hence the -1.
infoline(l, “Current Print Info:”)

infolie(2, string.format(*“Calculated Max Print Height: %dmm™, maxPrintHeight))
infoline(3, string.format(“Calculated Est. Time: %dmin”, (maxPrintHeight/stageSpeed)*60

+ (preExposureTime+exposureTime)*numSlices/60))
infoline(4, string.format(*“Number of Slices: %d”, numSlices))
--Prepare Printer

relay(true)--turn light on

showirame(-1) --ensure nothing i1s exposed durring setup

setlevels(.55, .6)--1f available, printer set fluid pump to maintain about 55% fill

--Execute Print
gotostart( )--move stage to starting position
for sliceIndex =0, numSlices-1 do
infoline(3, string.format(*“Current Slice: %d”, slicelndex))

nextHeight = sliceheight(sliceIndex)--calculate the height that the stage

should be at to expose this frame
moveto(nextHeight, stageSpeed)--move to nextHeight

sleep(preExposureTime)--wait a given amount of time for oxygen to diffuse into

resin, prepExposureTime 1s predefined 1n the Constants section
showirame(sliceIndex)--show frame to expose

sleep(1.5)--wait while frame exposes, exposurelime 1s predefined 1n the Constants

section

showframe(-1)-- show nothing to ensure no exposure while stage 1s moving to next

position

end
--Shutdown
relay(false)
setlevels(0,0)

--Lift stage to remove part
moveby (25, 160000)

Example 10

Continuous Fabrication with Intermittent Irradiation
and Advancing

A process of the present invention 1s illustrated in FIG. 21,
where the vertical axis illustrates the movement of the
carrier away from the build surface. In this embodiment, the
vertical movement or advancing step (which can be
achieved by driving either the carrier or the build surface,
preferably the carrier), 1s continuous and umdirectional, and
the wrradiating step 1s carried out continuously. Polymeriza-

tion of the article being fabricated occurs from a gradient of
polymerization, and hence creation of “layer by layer” fault
lines within the article 1s minimized.

An alternate embodiment of the present invention 1s

illustrated 1n FIG. 22. In this embodiment, the advancing
step 1s carried out 1n a step-by-step manner, with pauses
introduced between active advancing of the carrier and build
surface away from one another. In addition, the irradiating
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step 1s carried out intermittently, 1n this case during the

pauses 1n the advancing step. We find that, as long as the
inhibitor of polymerization 1s supplied to the dead zone 1n an

amount suflicient to maintain the dead zone and the adjacent
gradient of polymerization during the pauses 1n 1rradiation
and/or advancing, the gradient of polymerization 1s main-
tamned, and the formation of layers within the article of
manufacture 1s minimized or avoided. Stated differently, the
polymerization 1s continuous, even though the 1rradiating
and advancing steps are not. Suflicient nhibitor can be
supplied by any of a variety of techniques, including but not
limited to: utilizing a transparent member that 1s sufliciently
permeable to the inhibitor, enriching the inhlibitor (e.g.,
teeding the inhibitor from an 1nhibitor-enriched and/or pres-
surized atmosphere), etc. In general, the more rapid the
tabrication of the three-dimensional object (that 1s, the more
rapid the cumulative rate of advancing), the more 1nhibitor
will be required to maintain the dead zone and the adjacent
gradient of polymerization.
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Example 11

Continuous Fabrication with Reciprocation During
Advancing to Enhance Filling of Build Region with
Polymerizable Liqud

A still further embodiment of the present invention 1s
illustrated 1n FIG. 23. As in Example 10 above, this embodi-
ment, the advancing step 1s carried out 1 a step-by-step
manner, with pauses introduced between active advancing of
the carrier and build surface away from one another. Also as
in Example 10 above, the irradiating step 1s carried out
intermittently, again during the pauses in the advancing step.
In this example, however, the ability to maintain the dead
zone and gradient of polymerization during the pauses in
advancing and irradiating 1s taken advantage of by intro-

ducing a vertical reciprocation during the pauses 1n 1rradia-
tion.

We find that vertical reciprocation (driving the carrier and
build surface away from and then back towards one
another), particularly during pauses 1n irradiation, can serve
to enhance the filling of the build region with the polymer-
izable liquid, apparently by pulling polymerizable liqud
into the build region. This 1s advantageous when larger areas
are 1rradiated or larger parts are fabricated, and filling the
central portion of the build region may be rate-limiting to an
otherwise rapid fabrication.

Reciprocation 1n the vertical or Z axis can be carried out
at any suitable speed 1n both directions (and the speed need
not be the same in both directions), although 1t 1s preferred

that the speed when reciprocating away 1s insuilicient to
cause the formation of gas bubbles in the build region.

While a single cycle of reciprocation 1s shown during
cach pause 1n 1rradiation i FIG. 23, 1t will be appreciated
that multiple cycles (which may be the same as or diflerent
from one another) may be itroduced during each pause.

As m Example 10 above, as long as the inhibitor of
polymerization 1s supplied to the dead zone 1n an amount
suilicient to maintain the dead zone and the adjacent gradient
of polymerization during the reciprocation, the gradient of
polymerization 1s maintained, the formation of layers within
the article of manufacture 1s minimized or avoided, and the
polymerization/fabrication remains continuous, even though
the 1irradiating and advancing steps are not.

Example 12

Acceleration During Reciprocation Upstroke and

Deceleration During Reciprocation Downstroke to
Enhance Part Quality

We observe that there 1s a limiting speed of upstroke, and
corresponding downstroke, which 11 exceeded causes a
deterioration of quality of the part or object being fabricated
(possibly due to degradation of soft regions within the
gradient of polymerization caused by lateral shear forces a
resin flow). To reduce these shear forces and/or enhance the
quality of the part being fabricated, we introduce variable
rates within the upstroke and downstroke, with gradual
acceleration occurring during the upstroke and gradual
deceleration occurring during the downstroke, as schemati-

cally illustrated 1n FIG. 24.
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Example 13

Dual Cure with PEGDA+EGDA+Polyurethane
(HMDI Based)

5 g of the following mixture was mixed for 3 minutes in
a high-shear mixer.

1 ¢ of poly(ethylene glycol) diacrylate (Mn=700 g/mol)
containing 12 wt % of diphenyl(2 4 6-trimethylben-
zoyl)phosphine oxide (DPO).

1 g of diethyleneglycol diacrylate containing 12 wt %
DPO

1 g of “Part A” polyurethane resin (Methylene bis(4-
Cyclohexylisocyanate) based: “ClearFlex 50” sold by
Smooth-On® 1nc.

2 g of “Part B” polyurethane resin (polyol mixture):
“ClearFlex 50” sold by Smooth-On® 1nc.

0.005 g of amorphous carbon black powder

After mixing, the resin was 3D formed using an apparatus

as described herein. A “honeycomb™ object was formed at a
speed of 160 mm/hr using a light intensity setting of 1.2 mV
(when measured using a volt meter equipped with a optical
sensor). Total printing time was approximately 10 minutes.

After printing, the part was removed from the print stage,

rinsed with hexanes, and placed into an oven set at 110° C.
for 12 hours.

After heating, the part maintained 1ts original shape

generated during the initial printing, and it had transformed
into a tough, durable, elastomer having an elongation at

break around 200%

Example 14
Dual Cure with EGDA+Polyurethane (TDI Based)

5 g of the following mixture was mixed for 3 minutes in
a high-shear mixer.

1 g of diethyleneglycol diacrylate contamning 12 wt %

DPO

2 g of “Part A” polyurethane resin (toluene diisocyanate)

based: “VytaFlex 30” sold by Smooth-On® 1nc.

2 g of “Part B” polyurethane resin (polyol mixture):

“Vytatlex 30” sold by Smooth-On® 1nc.

After mixing, the resin was 3D formed using an apparatus
as described herein. The cylindrical object was formed at a
speed of 50 mm/hr using a light intensity setting of 1.2 mV
(when measured using a volt meter equipped with an optical
sensor). Total printing time was approximately 15 minutes.

After printing, the part was removed from the print stage,
rinsed with hexanes, and placed into an oven set at 110° C.
for 12 hours.

After heating, the part maintained its original shape
generated during the 1nitial printing, and 1t had transformed
into a tough, durable, elastomer having an elongation at

break around 400%

Example 15

Synthesis of a Reactive Blocked Polyurethane
Prepolymer for Dual Cure

Add 200 g of melted anhydrous 2000 Da, polytetrameth-
ylene oxide (PTMO2k) into a 500 mL 3-neck flask charged
with an overhead stirrer, nitrogen purge and a thermometer.
Then 44.46 g IPDI 1s added to the flask and stirred to
homogeneous solution with the PITMO for 10 min, followed
by addition of 140 ul. Tin(Il) catalyst stannous octoate.
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Raise the temperature to 70° C., and keep reaction for 3 h.
After 3 h, gradually lower the temperature to 40° C., and
gradually add 37.5 g TBAEMA using an additional funnel
within 20 min. Then set the temperature to 50° C. and add
100 ppm hydroquinone. Keep the reaction going on for 14
h. Pour out the final liqud as the product.

Example 16

Synthesis of a Second Reactive Blocked
Polyurethane Prepolymer for Dual Cure

Add 130 g dried 1000 Da, polytetramethylene oxide
(PTMOI1k) mto a 300 mL 3-neck flask charged with an
overhead stirrer, mitrogen purge and a thermometer. Then
50.5 g HDI 1s added to the flask and stirred to homogeneous
solution with the PTMO for 10 min, followed by addition of
100 uLL Tin(II) catalyst stannous octoate. Raise the tempera-
ture to 70° C., and keep reaction for 3 h. After 3 h, gradually
lower the temperature to 40° C., and gradually add 56 g
TBAEMA using an additional funnel within 20 min. Then
set the temperature to 50° C. and add 100 ppm hydroqui-
none. Keep the reaction going on for 14 h. Pour out the final
liquid as the product.

In the above examples, the PTMO can be replaced by
polypropylene glycol (PPG, such as 1000 Da PPG (PPG1k))
or other polyesters or polybuadiene diols. IPDI or HDI can
be replaced by other diisocyanates. The molar stoichiometry
of the polyol:diisocyanate: TBAEMA 1s preferably 1:2:2.
Preferably use 0.1-0.3 wt % stannous octoate to the weight
of the polyol.

Example 17

Printing and Thermal Curing with a Reactive
Blocked Polyurethane Prepolymers

ABPU resins can be formed (optionally but preferably by
continuous liquid interphase/interface printing) at up to 100
mm/hr using the formulations in Table 1 to generate elas-
tomers with low hysteresis after thermally cured at 100° C.

for 2 to 6 hours, depending on the diisocyanates used 1n
ABPU and the chain extender(s).

TABLE 1
Parts by weight
ABPU 320
Reactive Diluent 40-80
Ethylene glycol 8-20
HI12MDA 8-20
PPO 1-4

Dog-bone-shaped specimens were formed by continuous
liquid interface printing with different ABPUs (varying the
diisocyanate and polyol used for the synthesis) and reactive
diluents. Table 2 shows the mechanical properties of some of
the thermally cured dog-bone samples at room temperature.

TABLE 2
Tensile stress at %
ABPU Reactive maximum load  elongation
Diisocyanate Polyol diluent (MPa) at break
IPDI PTMO2k Methyl 25 650
methacrylate
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TABLE 2-continued

Tensile stress at %%

ABPU Reactive maximum load elongation
Diisocyanate Polyol diluent (MPa) at break
IPDI PPGlk Cyclohexane 7.5 368

methacrylate
MDI PTMO2k TBAEMA 13.4 745
HDI PTMOlk TBAEMA 13 490
HMDI PTMOlk TBAEMA 13.6 334

Examples 18-61

Additional Polyurethane Dual Cure Matenals,
Testing and Tensile Properties

The following abbreviations are used in the Examples
below: “DEGMA” means di(ethylene glycol) methyl ether
methacrylate; “IBMA” means 1soboronyl methacrylate;
“PACM” means 4.,4-Diaminodicyclohexyl methane;
“BDO” means 1,4-butanediol; “PPO” means Phenylbis(2,4,
6-trimethylbenzoyl )phosphine oxide; “MDEA” means 4,4'-
methylene-bis-(2,6-diethylaniline); “2-EHMA”  means
2-ethylhexyl methacrylate; and “PEGDMA” means poly
(ethylene glycol) dimethacrylate (MW=700 Da).

Example 18
Testing of Tensile Properties

In the examples above and below, tensile properties were
tested 1n accordance with ASTM standard D638-10, Stan-
dard Test Methods for 1ensile Properties of Plastics (ASTM
International, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, Pa. 19428-2959 USA).

Briefly, tensile specimens (sometimes referred to as “dog-
bone samples” in reference to their shape), were loaded onto
an Instron 5964 testing apparatus with Instron BLUEHILL3
measurement software (Instron, 825 University Ave, Nor-
wood, Mass., 02062-2643, USA). The samples are oriented
vertically and parallel to the direction of testing. Cast and
tflood cured samples were fully cured using a DNMAX 5000
EC-Series enclosed UV flood lamp (225 mW/cm”) for from
thirty to ninety seconds of exposure. Table 3 below sum-
marizes the types of tensile specimens tested, general mate-
rial property (rigid or non-rigid), and the associated strain
rate.

TABLE 3
Strain Rate
Dogbone Type Material Type (mm/min)
IV Rigid 5
\% Rigid 1
IV Non-rigid 50
vV Non-rigid 10

Dogbone type IV 1s used to test elastomeric samples.

The samples were tested at a rate such that the sample
ruptures at a time between 30 seconds to 5 minutes to ensure
that sample strain rate 1s slow enough to capture plastic
deformation in the samples.

Measured dogbone samples that do not rupture in the
middle rectangular section are excluded. Samples that break
in the grips or prior to testing are not representative of the
anticipated failure modes and are excluded from the data.



US 9,453,142 B2

89

Persuant to ASTM D-638, measure the Young’s modulus
(modulus of elasticity) (slope of the stress-strain plot
between 5-10% elongation), tensile strength at break, tensile
strength at yield, percent elongation at break, percent elon-
gation at yield. A strain rate 1s chosen such that the part with
the lowest strain-at-break (%) will faill within 5 minutes.
This often means that a slower strain rate will be necessary
for rigid samples.

Example 19

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Components as shown 1n Table 4, except PACM, were
added to a contaimner and thoroughly mixed (either by an
overhead stirrer or a centrifugation mixer such as
THINKY™ mixer) to obtain a homogeneous resin. Then
PACM was added to the resin and mixed for another 2-30
min depending on the volume and viscosity of resin. The
resin was formed by CLIP as described above mto D638
Type IV dog-bone-shaped specimens followed by thermal
curing at 125° C. for 2 h. The cured elastomer specimens
were tested following ASTM standard D638-10 on an
Instron apparatus for mechanical properties as described
above, which properties are also summarized in Table 4.

TABLE 4

Parts by weight

ABPU(PTMOIlk + HDI + TBAEMA) 697
DEGMA 82
IBMA 123
PACM 83
PPO 5
Tensile Strength (MPa) 13.1
% Elongation at Break 395

Example 20

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 19 but using the formulation 1n Table
5. The cured specimens were tested following ASTM stan-
dard on an Instron apparatus for mechanical properties as

described above, which properties are summarized in Table
3.

TABLE 5

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 721
DEGMA 84
IBMA 126
PACM 54
PPO 5
Tensile Strength (MPa) 26.8
% Elongation at Break 515

Example 21

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as i Example 19 but using the formulation 1n Table
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6. The cured specimens were tested following ASTM stan-
dard on an Instron apparatus for mechanical properties as

described above, which properties are summarized 1n Table
6.

TABLE 6
Parts by weight
ABPU(PTMO2k + HMDI + TBAEMA) 728
DEGMA 86
IBMA 128
PACM 53
PPO 5
Tensile Strength (MPa) 23.1
% Elongation at Break 456

Example 22

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Components as shown 1n Table 7 were added to a con-
tainer and thoroughly mixed (either by an overhead stirrer or
a centrifugation mixer such as THINKY™ mixer) to obtain
a homogeneous resin. The resin was casted 1mto a square
mold (with dimensions of 100x100x4 mm), and UV flood
cured for 1 min, followed by thermal curing at 125° C. for
2 h. The obtained elastomer sheet was die-cut 1nto rectan-
gular bars with dimensions of 100x20x4 mm. The elastomer
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

7.
TABLE 7
Parts by weight
ABPU(PTMOIlk + HDI + TBAEMA) 666
2-EHMA 131
IBMA 66
MDEA 123
PPO 10
Tensile Strength (MPa) 14.4
% Elongation at Break 370

Example 23

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 22 but using the formulation 1n Table
8. The elastomer specimens were tested following ASTM
standard D638-10 an Instron apparatus for mechanical prop-
erties as described above, which properties are summarized

in Table K.

TABLE 8
Parts by weight
ABPU(PTMOIlk + HDI + TBAEMA) 692
DEGMA 102
2-EHMA 102
PEGDMA 14
PACM 80
PPO 10
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TABLE 8-continued

Parts by weight

0.42
388

Tensile Strength (MPa)
% Elongation at Break

Example 24

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared in the same
manner as 1n Example 22 but using the formulation 1n Table
9. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical

properties as described above, which properties are summa-
rized in Table 9.

TABLE 9

Parts by weight

ABPU(PTMOIlk + IPDI + TBAEMA) 700
DEGMA 206
PEGDMA 10
PACM 74
PPO 10
Tensile Strength (MPa) 11.26
% Elongation at Break 366

Example 25

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared in the same
manner as 1n Example 22 but using the formulation 1n Table
10. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 10.

TABL.

L1l

10

Parts by weight

ABPU(PTMOIlk + MDI + TBAEMA) 672
2-EHMA 248
PEGDMA 10
PACM 60
PPO 10
Tensile Strength (MPa) 24.93
% Elongation at Break 320

Example 26

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 22 but using the formulation 1n Table
11. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 11.
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TABLE 11

Parts by weight

ABPU(PTMOIlk + MDI + TBAEMA) 698
DEGMA 208
PEGDMA 10
PACM 74
PPO 10
Tensile Strength (MPa) 20.14
% Elongation at Break 355

Example 27

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as 1n Example 22 but using the formulation 1n Table
12. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized i1n Table 12.

TABLE

12

Parts by weight

ABPU(PTMO2k + HMDI + TBAEMA) 2000
DEGMA 400
2-EHMA 200
PEGDMA 66
PACM 145
PPO 14
Tensile Strength (MPa) 16.7
% Elongation at Break 476

Example 28

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 22 but using the formulation 1n Table
13. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 13.

TABLE

13

Parts by weight

ABPU(PTMO2k + HMDI + TBAEMA) 2000
DEGMA 400
2-EHMA 200
PACM 145
PPO 14
Tensile Strength (MPa) 16.9
% Elongation at Break 499

Example 29

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared 1n the same
manner as in Example 22 but using the formulation 1n Table

14 by mixing all the components together. The elastomer
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specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

14.

TABLE 14

(L]

Parts by weight

ABPU(PTMO2k + HMDI + TBAEMA) 2000
DEGMA 400
2-EHMA 200
PEGDMA 66
BDO 62
PPO 14
Tensile Strength (MPa) 2.14
% Elongation at Break 188

Example 30

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as i Example 22 but using the formulation 1n Table
15. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 15.

TABLE 15

(Ll

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 2000
DEGMA 420
2-EHMA 180
PEGDMA 67
PACM 149
PPO 14
Tensile Strength (MPa) 8.37
% Elongation at Break 386

Example 31

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as i Example 22 but using the formulation 1n Table
16. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical

properties as described above, which properties are summa-
rized in Table 16.

TABLE 16

L1

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 2400
2-EHMA 700
PACM 179
PPO 16
Tensile Strength (MPa) 17.2
% Elongation at Break 557
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Example 32

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared 1n the same
manner as in Example 22 but using the formulation 1n Table
1'7. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 17.

TABLE

17

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 2400
2-EHMA 630
PEGDMA 70
PACM 179
PPO 16
Tensile Strength (MPa) 13.4
% Elongation at Break 520

Example 33

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as 1n Example 22 but using the formulation 1n Table
18. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical

properties as described above, which properties are summa-
rized in Table 18.

TABL.

(Ll

18

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 2000
DEGMA 400
2-EHMA 200
PACM 149
PPO 14
Tensile Strength (MPa) 13.6
% Elongation at Break 529

Example 34

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared 1n the same
manner as in Example 22 but using the formulation 1n Table
19. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 19.

TABLE 19

L1

Parts by weight

ABPU(PTMO2k + IPDI + TBAEMA) 2000
DEGMA 500
2-EHMA 500
PACM 149
PPO 14
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TABLE 19-continued

Parts by weight

Tensile Strength (MPa)
% Elongation at Break

9.32
485

Example 35

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared in the same
manner as i Example 22 but using the formulation 1n Table
20. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical

properties as described above, which properties are summa-
rized in Table 20.

TABL.

L1l

17

Parts by weight

ABPU(PTMOZ2k + IPDI + TBAEMA) 2000
DEGMA 650
2-EHMA 750
PACM 149
PPO 14
Tensile Strength (MPa) 5.14
% Elongation at Break 440

Example 36

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 22 but using the formulation 1n Table
21. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 21.

TABLE

21

Parts by weight

ABPU(PTMO1k + HDI + TBAEMA) 2000
DEGMA 580
PACM 246
PPO 14
Tensile Strength (MPa) 6.48
% Elongation at Break 399

Example 37

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as in Example 22 but using the formulation 1n Table
22. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 22.
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TABLE 22
Parts by weight
ABPU(PTMOIlk + HDI + TBAEMA) 2000
DEGMA 580
PEGDMA 60
PACM 246
PPO 14
Tensile Strength (MPa) 6.49
% Elongation at Break 353

Example 38

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured elastomer specimens were prepared in the same
manner as 1n Example 22 but using the formulation 1n Table
23. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 23.

TABLE 23
Parts by weight
ABPU(PTMOIlk + HDI + TBAEMA) 2000
DEGMA 620
2-EHMA 180
PACM 246
PPO 14
Tensile Strength (MPa) 6.83
% Elongation at Break 415

Example 39

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared 1n the same
manner as in Example 22 but using the formulation 1n Table
24. The elastomer specimens were tested following ASTM
standard D638-10 on an Instron apparatus for mechanical

properties as described above, which properties are summa-
rized in Table 24.

TABLE 24
Parts by weight
ABPU(PTMO2k + HMDI + TBAEMA) 2000
DEGMA 400
2-EHMA 200
PEGDMA 66
PACM 145
PPO 14
Tensile Strength (MPa) 15.6
% Elongation at Break 523

Example 40

Elastomer from a Reactive Blocked Polyurethane
Prepolymer

Cured clastomer specimens were prepared 1n the same
manner as in Example 22 but using the formulation 1n Table
25. The elastomer specimens were tested following ASTM
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standard D638-10 on an Instron apparatus for mechanical
properties as described above, which properties are summa-

rized in Table 25.

TABLE

235

Parts by weight

ABPU(PTMOZ2k + IPDI + TBAEMA) 2000
DEGMA 420
2-EHMA 180
PEGDMA 67
PACM 149
PPO 14
Tensile Strength (MPa) 13.2
% Elongation at Break 480

Example 41

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Components as shown 1n Table 26, except PACM, were
added to a container and thoroughly mixed (either by an
overhead stirrer or THINKY™ mixer) to obtain a homoge-
neous resin. Then PACM was added to the resin and mixed
tor another 30 min. The resin was cast into dog-bone-shaped
specimens by UV flood cure for 60 seconds followed by
thermal curing at 125° C. for 4 h. The cured specimens were
tested following ASTM standard on an Instron apparatus for

mechanical properties as described above, which properties
are also summarized 1n Table 26.

TABLE 26
Component Weight %
ABPU ABPU-1K-MDI 61.78
Reactive Diluent BMA 30.89
Chain Extender PACM 6.56
Initiator PPO 0.77
Tensile Strength (MPa) 31.7
Modulus (MPa) 680
Elongation (%o) 273

Example 42

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as in
Example 41 but using the formulation 1 Table 27. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

27.
TABLE 27
Component Weight %
ABPU ABPU-1K-MDI 53.51
Reactive Diluent BMA 40.13
Chain Extender PACM 5.69
Initiator PPO 0.67
Tensile Strength (MPa) 26.2
Modulus (MPa) 1020
Elongation (%) 176
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Example 43

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation i Table 28. The

specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

28.
TABLE 28
Component Weight %
ABPU ABPU-1K-MDI 47.2
Reactive Diluent IBMA 47.2
Chain Extender PACM 5.01
Initiator PPO 0.59
Tensile Strength (MPa) 29.5
Modulus (MPa) 1270
Elongation (%o) 3.21

Example 44

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared 1in the same manner as 1n
Example 41 but using the formulation in Table 29. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

29.
TABLE 29
Component Weight %
ABPU ABPU-1K-MDI 42.22
Reactive Diluent IBMA 52.77
Chain Extender PACM 4.49
Initiator PPO 0.53
Tensile Strength (MPa) 19.3

Modulus (MPa) 1490

Elongation (%) 1.42

Example 45

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation i Table 30. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

30.

TABLE 30
Component Weight %
ABPU ABPU-1K-MDI 61.13
Reactive Diluent IBMA 30.57
Chain Extender PACM 7.54
Initiator PPO 0.76
Tensile Strength (MPa) 19.3
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TABLE 30-continued

Component Weight %
Modulus (MPa) 1490
Elongation (%o) 1.42

Example 36

Dual-Cure Material tfrom Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as in
Example 41 but using the formulation in Table 31. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as

described above, which properties are summarized in Table
31.

TABLE 31
Component Weight %
ABPU ABPU-1K-MDI 61.55
Reactive Diluent BMA 30.7%
Chain Extender PACM 6.9
Initiator PPO 0.77
Tensile Strength (MPa) 34.1
Modulus (MPa) 713
Elongation (%) 269

Example 47

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation in Table 32. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

32.
TABLE 32
Component Weight %
ABPU ABPU-1K-MDI 61.98
Reactive Diluent BMA 30.99
Chain Extender PACM 6.25
Initiator PPO 0.77
Tensile Strength (MPa) 39.7
Modulus (MPa) 664
Elongation (%) 277

Example 48

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as in
Example 41 but using the formulation 1n Table 33. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

33.
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TABLE 33
Component Weight %
ABPU ABPU-1K-MDI 63.75
Reactive Diluent IBMA 31.87
Chain Extender PACM 3.59
Initiator PPO 0.8
Tensile Strength (MPa) 21.3
Modulus (MPa) 265
Elongation (%o) 207

Example 49

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation in Table 34. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as

described above, which properties are summarized 1n Table
34.

TABLE 35
Component Weight %

ABPU ABPU-1K-MDI 63.75
Reactive Diluent IBMA 31.87
Chain Extender PACM 5.02
Initiator PPO 0.8

Tensile Strength (MPa) 22.7

Modulus (MPa) 312

Elongation (%) 211

Example 50

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared 1in the same manner as 1n
Example 41 but using the formulation in Table 36. The
specimens were tested following ASTM standard D638-10

on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

36.

TABLE 36
Component Weight %0
ABPU ABPU-1K-MDI 63.75
Reactive Diluent IBMA 31.87
Chain Extender PACM 5.71
Initiator PPO 0.8
Tensile Strength (MPa) 28.4
Modulus (MPa) 407
Elongation (%) 222

Example 51

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation i Table 37. The
specimens were tested following ASTM standard D638-10
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on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

37.
TABLE 37
Component Weight %0
ABPU ABPU-1K-MDI 63.03
Reactive Diluent IBMA 31.51
Chain Extender BAMN 4.67
Initiator PPO 0.79
Tensile Strength (MPa) 25.1
Modulus (MPa) 155
Elongation (%) 297

Example 52

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as in
Example 41 but using the formulation 1 Table 38. The
specimens were tested following ASTM standard D638-10

on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

38.
TABLE 38
Component Weight %0
ABPU ABPU-1K-MDI 63.03
Reactive Diluent IBMA 31.35
Chain Extender BAMN 5.2
Initiator PPO 0.79
Tensile Strength (MPa) 21.7
Modulus (MPa) 214
Elongation (%) 291

Example 53

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation in Table 39. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table

39.

TABLE 39
Component Weight %
ABPU ABPU-650-HMDI 52.62
Reactive Diluent IBMA 39.47
Chain Extender PACM 7.26
Initiator PPO 0.66
Tensile Strength (MPa) 31.7
Modulus (MPa) 1460
Elongation (%) 3.65

Example 54

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as in

Example 41 but using the formulation 1n Table 40. The

10

15

20

25

30

35

40

45

50

55

60

65

102

specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as

described above, which properties are summarized 1n Table
40,

TABLE 40
Component Weight %

ABPU ABPU-650-HMDI 60.6
Reactive Diluent IBMA 30.29
Chain Extender PACM 8.36
Initiator PPO 0.76

Tensile Strength (MPa) 29.4

Modulus (MPa) 864

Elongation (%o) 191

Example 35

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared 1in the same manner as 1n
Example 41 but using the formulation i Table 41. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as

described above, which properties are summarized 1n Table
41.

TABLE 41
Component Weight %
ABPU ABPU-650-HMDI 30.53
ABPU ABPU-1K-MDI 30.53
Reactive Diluent IBMA 30.53
Chain Extender PACM 7.63
[nitiator PPO 0.76
Tensile Strength (MPa) 29.1
Modulus (MPa) 492
Elongation (%o) 220

Example 56

Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer

Cured specimens were prepared in the same manner as 1n
Example 41 but using the formulation i Table 42. The
specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
described above, which properties are summarized 1n Table

42.
TABLE 42
Component Weight %

ABPU ABPU-650-HMDI 54.6
Reactive Diluent IBMA 27.6
Crosslinker DUDMA 9.9
Chain Extender PACM 7.1
Initiator PPO 0.8
Tensile Strength (MPa) 59.3

Modulus (MPa) 1880

Elongation (%) 91
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Example 57

104
TABLE 45-continued

Dual-Cure Material from Reactive Blocked Component Weight %
Polyurethane Prepolymer Crosslinker BPADMA 3.7
> Chain Extender PACM 7.2
Cured specimens were prepared in the same manner as in Initiator | PPO 0.9
Example 41 but using the formulation in Table 43. The TE“;/Iﬂe dSTeH%chffh;[Pﬂ) 1333
. . Odulius a
specimens were tested following ASTM' standard D§3 8-10 Elongation (%) 57
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table 10
43, .
Example 60
1ABLE 43 Dual-Cure Material from Reactive Blocked
Component Weight % Ny Polyurethane Prepolymer
ABPU ABPU-650-HMDI 54.6 Cured specimens were prepared 1in the same manner as 1n
Eea@t%"e g%}“eﬂt ;BEZ/IL; }z-z Example 41 but using the formulation in Table 30. The
Cizi“;teﬁjt PACM -1 specimens were tested following ASTM standard D638-10
Thitiator PPO 0.8 on an Instron apparatus for mechanical properties as
Tensile Strength (MPa) 32.5 20 described above, which properties are summarized 1n Table
Modulus (MPa) 1050 30.
Elongation (%) 178
TABLE 30
'3xample 58 75 Component Weight %
ABPU PITMO-650-HMDI 52.6
Dual-Cure Material from Reactive Blocked Reactive Diluent IBMA 14.9
Polyurethane Prepolymer Reactive Diluent PEMA 5.0
Crosslinker SR239 19.9
_ _ _ Chain Extender PACM 6.9
Cured specimens were prepared in the same manner as in 30 Tnitiator PPO 0.8
Example 41 but using the formulation 1in Table 44. The Tensile Strength (MPa) 44.5
specimens were tested following ASTM standard D638-10 Modulus (MPa) 1520
. . Elongation (%o) 12.4
on an Instron apparatus for mechanical properties as
described above, which properties are summarized in Table
44. 35  Cured specimens were prepared 1n the same manner as in
Example 41 but using the formulation in Table 30. The
TARI E 44 specimens were tested following ASTM standard D638-10
on an Instron apparatus for mechanical properties as
Component Weight % described above, which properties are summarized 1n Table
40 30.
ABPU PITMO-1K-MDI 53.6
Reactive Diluent IBMA 23.1 - le 61
Reactive Diluent PEMA 7.1 LAAIPIC
Crosslinker DUDMA 9.7
Chain Extender PACM 5.7 Elastomer from a Reactive Blocked Polyurethane
Initiator PPO 0.8 Prepolymer
Tensile Strength (MPa) 43.8 45
Ezi;l;iﬁ/l(i)) 1?;2 Cured elastomer specimens are prepared in the same
manner as in Example 20 but using the formulation 1n Table
31 below. The cure specimens give elastomeric properties
_ similar to those disclosed above.
Example 59 50
. . TABLE 31
Dual-Cure Material from Reactive Blocked
Polyurethane Prepolymer Parts by weight
: : : ABPU(PTMO2k + IPDI + NVF) 721
Cured specimens were prepared in Fhe same manner as in - 55 DEGMA "
Example 41 but using the formulation in Table 45. The Isobornyl acrylate 126
specimens were tested following ASTM standard D638-10 PACM 54
on an Instron apparatus for mechanical properties as FPO .
described above, which properties are summarized in Table
45. 60
Example 62
TABLE 45
. Representative Polyurethane Products Produced
Component Weight % from Dual-Cure Materials
ABPU PTMO-650-HMDI 55.1 63 | | | |
Reactive Diluent IBMA 33.1 Polymerizable materials as described in the examples, or

detailed description, above (or variations thereof that will be
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apparent to those skilled in the art) provide products with a
range ol different elastic properties. Examples of those
ranges ol properties, from rigid, through semi-rigid (rigid
and flexible), to elastomeric. Particular types of products
that can be made from such materials include but are not
limited to those given in Table 32 below. The products may
contain reacted photoinitiator fragments (remnants of the
first cure forming the intermediate product) when produced
by some embodiments of methods as described above. It will
be appreciated that the properties may be further adjusted by
inclusion of additional materials such as fillers and/or dyes,
as discussed above.

TABLE 32

Polvurethane Products by Properties and Example Products’

Rigid and Flexible

Rigid (Semi-Rigid) Elastomeric

Young’s 800-3500 300-2500 0.5-40

Modulus (MPa)

Tensile 30-100 20-70 0.5-30

Strength (MPa)

% Elongation 1-100 40-300 or 600 50-1000

at Break

Non-limiting Fasteners; Structural elements; Foot-ware

Example electronic hinges including soles, heels,

Products device housings; living hinges; innersoles and
gears, propellers, boat and midsoles;
and 1mpellers; watercraft hulls and bushings and
wheels, decks; wheels; gaskets;
mechanical bottles, jars and cushions;
device housings; other containers; electronic
tools, etc. pipes, liquid tubes  device

and connectors, etc. housings, etc.

Tn the table above, the following general terms and phrases include the following
non-lhimiting specific examples:

“Fastener” includes, but 1s not limited to, nuts, bolts, screws, expansion fasteners, clips,
buckles, etc,

“Electronic device housing” includes, but 1s not limited to, partial and complete cell phone
housings, tablet computer housings, personal computer housings, electronic recorder and
storage media housings, video monitor housings, keyboard housings, etc.,

“Mechanical device housing” includes, but 1s not limited to, partial and complete gear
housings, pump housings, motor housings, etc.

“Structural elements” as used herein includes, but 1s not limited to, shells, panels, rods,
beams (e.g., I-beams, U-beams, W-beams, cylindrical beams, channels, etc), struts, ties,
etc., for applications including architectural and building, civil engineering, automotive
and other transportation (e.g., automotive body panel, hood, chassis, frame, roof, bumper,
etc.), etc.

“Tools” mcludes, but 1s not limited to, impact tools such as hammers, drive tools such as
screwdrivers, grasping tools such as pliers, etc., including component parts thereof (e.g.,
drive heads, jaws, and impact heads).

Example 63
Polyurethane Products Having Multiple

Structural Segments and/or Multiple Tensile
Properties

In examples 18-61 are given materials for the formation
of polyurethane products having a variety of diflerent tensile
properties, ranging irom elastomeric, to semi-rigid, to flex-
ible, as described in Example 62 above.

Because the polyurethane polymer 1s formed by curing
the intermediate product (e.g., by heating or microwave
irradiating), the process of fabricating the product may be
paused or interrupted one or more times, to change the
polymerizable liquid. While a fault line or plane may be
formed 1n the intermediate by the interruption, 1f the sub-
sequent polymerizable liquid 1s, 1n 1ts second cure material,
reactive with that of the first, then the two distinct structural
segments of the intermediate will cross-react and covalently
couple to one another during the second cure (e.g., by
heating or microwave irradiation). Thus, for example, any of
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the materials described 1in examples 19-60 above may be
sequentially changed to form a product having multiple
distinct structural segments with different tensile properties,
while still being a unitary product with the different seg-
ments covalently coupled to one another.

For example, a hinge can be formed, with the hinge
comprising a rigid segment, coupled to a second elastic
segment, coupled to a third rigid segment, by sequentially
changing polymerizable liquids (e.g., from among those
described 1n examples 19-60 above) during the formation of
the three-dimensional mtermediate.

A shock absorber or vibration dampener can be formed 1n
like manner, with the second segment being either elastic or
semi-ri1gid.

A unitary rigid funnel and tlexible hose assembly can be
formed in like manner.

Sequential changing of the polymerizable liquid can be
carried out with a multi-port, feed-through carrier, system,
such as described 1n PCT Application Publication No. WO
2015/126834, or, where the polymerizable liquid 1s supplied
in a reservolr positioned above the build surface, providing
the reservoir and build surface as interchangeable cartridges
that can be changed out or swapped during a pause in
tabrication.

Example 64
Silicone Rubber Product

Phenylbis(2 4 6-trimethylbenzoyl)phosphine oxide (PPO)
1s dissolved 1n 1sobornyl acrylate (IBA) with a THINKY™
mixer. Methacryloxypropyl terminated polydimethylsilox-
ane (DMS-R31; Gelest Inc.) 1s added to the solution, fol-
lowed by addition of Sylgard Part A and Part B (Corning
PDMS precursors), and then {further mixed with a
THINKY™ mixer to produce a homogeneous solution. The
solution 1s loaded 1nto an apparatus as described above and
a three-dimensional intermediate 1s produced by ultraviolet
curing as described above. The three-dimensional 1interme-
diate 1s then thermally cured at at 100° C. for 12 hours to
produce the final silicone rubber product. Parts by weight
and tensile properties are given in Table 33 below.

TABLE 33
Parts by weight
DMS-R31 40
IBA 20
Sylgard 184Part A 40
Svlgard 184 Part B 4
PPO 1
Tensile Strength (MPa) 1.3
% Elongation at Break 130

Example 65
Epoxy Dual Cure Product

10.018 g EpoxAcast 690 resin prat A and 3.040 g partt B
were mixed on a THINKY™ mixer. 3.484 g was then mixed
with 3.013 g of RKP5-78-1, a 65/22/13 mix ol Sartomer
CN9782/N-vinylpyrrolidone/diethyleneglycol diacrylate to
give a clear blend which was cured 1n a “dog bone” shaped
sample mold (for tensile strength testing) for 2 minutes
under a Dymax ultraviolet lamp to give a very elastic but
weak dog bone sample.
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A second sample, RKP11-10-1 contained 3.517 g of the
above epoxy and 3.508 g of RKP5-90-3 and 65/33/2/0.25

blend of Sartomer CN2920/N-vinylcaprolactam/N-vi-
nylpyrrolidone/PPO 1nitiator cured similarly to give a very
flexible dog bone. A third 1:1 sample made with RKP5-84-8

50/20/30/0.25 CN2920/CN9031/NVF/PPO did not cure

completely and was discarded.
Later, first samples of an epoxy/acrylate dual cure resins
were made, as follows:

Smooth-On EpoxAcure 690 1s an EEW 190 epoxy (prob-
ably the diglycidyl ether of bisphenol A) sold with a
diaminopropyleneglycol oligomer curing agent and
offering a 5 hr open time/24 hr room temperature cure.

This was blended 1:1 with three print formulations. Two
samples were good homogenecous blends that gave
highly elastic, but very weak dog bone samples on
standard 2 minute UV cure.

Subsequent thermal cure of the samples at 84° C. for 5 hrs
gave reasonably strong and stifl, but flexible samples,
in one case with tenacious adhesion to the polystyrene
petr1 dish on which it was cured. Tensiles were in the
modest 5-8 MPa range, less than the base acrvlate
resins.

Later, RKP1-17-2D a 66/33/1 mix of CN2920/NV(C/DPO

initiator was blended with EpoxAcure 690 1 a 1:1 ratio and
2:1 ratio

The 1:1 epoxy/acrylate dual cure formulation previously
prepared failed to print in a CLIP apparatus as described
above, at 100 or 60 mm/hr, but a 1:2 ratio gave a decent
argyle pattern at 60 mm/hr. The Smooth-On EpoxAcure
690/CN2920/NVC argyle was post-cured at room tempera-
ture to a clear, flexible, if tacky, sample. Dog bones were
also prepared.

The foregoing 1s illustrative of the present invention, and
1s not to be construed as limiting thereof. The invention 1s
defined by the following claims, with equivalents of the
claims to be included therein.

We claim:

1. A polymerizable liquid useful for the production of a
three-dimensional object comprised of polyurethane, polyu-
rea, or a copolymer thereof by additive manufacturing, said
polymerizable liquid comprising a mixture of:

(a) a reactive blocked prepolymer comprising a com-
pound of the formula A-X-A, where X 1s a hydrocarbyl
group and each A 1s an independently selected substitu-
ent of Formula X:

Formula (X)

O O
)'I\ R )J\
NN }{
H H

where R 1s a hydrocarbyl group, R'1s O or NH, and Z 1s a
blocking group, said blocking group having a reactive
epoxy, alkene, alkyne, or thiol terminal group,

(b) a chain extender,

(c) a photoinitiator,

(d) optionally a polyol and/or a polyamine,

(e¢) optionally a reactive diluent,

(1) a light absorbing pigment or dye 1n an amount of from

0.001 to 10 percent by weight, and
(g) optionally a filler, and
(h) a reactive blocked diisocyanate.

10

15

20

25

30

35

40

45

50

55

60

65

108

2. The polymernizable liguid of claim 1, wherein said
pigment or dye 1s:

(1) titanium dioxide,

(1) carbon black, and/or

(111) an organic ultraviolet light absorber.

3. The liquid of claim 1, wherein said reactive blocked
prepolymer comprises a polyisocyanate;

and/or said reactive blocked prepolymer comprises two or

more ethylenically unsaturated end groups.

4. The liquid of claim 1, wherein said reactive blocked
prepolymer comprises a polyisocyanate oligomer produced
by the reaction of at least one polyisocyanate with at least
one polyol or polyamine.

5. The liquid of claim 1, wherein said reactive blocked
prepolymer 1s blocked by reaction of a polyisocyanate
oligomer with an alcohol (meth)acrylate, amine (meth)
acrylate, maleimide, or n-vinylformamide monomer block-
ing agent.

6. The liquid of claim 1, wherein said reactive diluent
comprises an acrylate, a methacrylate, a styrene, an acrylic
acid, a vinylamide, a vinyl ether, a vinyl ester, polymers
containing any one or more of the foregoing, and combina-
tions of two or more of the foregoing.

7. The liquid of claim 1, wherein said chain extender
comprises at least one diol, diamine or dithiol chain
extender.

8. The liquid of claim 1, wherein said polymerizable
liquid comprises:

from 5 to 90 percent by weight of said reactive blocked

prepolymer;

optionally, from 1 to 40 percent by weight of said reactive

diluent;
from 5 to 30 percent by weight of said chain extender;
from 0.1 to 4 percent by weight of said photoinitiator, and
from 1 to 50 percent filler when present.

9. A polymerizable liquid useful for the production of a
three-dimensional object comprised of polyurethane, polyu-
rea, or a copolymer thereof by additive manufacturing, said
polymerizable liquid comprising a mixture of:

(a) a reactive blocked diisocyanate comprising a com-
pound of the formula A'-X'-A', where X' 1s a hydro-

carbyl group and each A' 1s an independently selected
substituent of Formula (X'):

A

where 7 1s a blocking group, said blocking group having__
a reactive epoxy, alkene, alkyne, or thiol terminal group,

(b) a polyol and/or polyamine,
(c) a chain extender,
(d) a photoinitiator, and

Formula (X)

(¢) optionally a reactive diluents,

(1) optionally a pigment or dye, and

(g) optionally a filler.

10. The hiquid of claim 9, turther comprising:
(h) a reactive blocked diisocyanate prepolymer.

11. The liquid of claim 9, wherein said pigment or dye 1s
present and 1s a light absorbing pigment or dye in an amount
of from 0.001 to 10 percent by weight.
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12. The liquid of claim 11, wherein said pigment or dye

1S:
(1) titanium dioxide,
(1) carbon black, and/or
(111) an organic ultraviolet light absorber.

13. The liquid of claim 9, wherein each A' 1s an 1ndepen-
dently selected substituent of Formula XI':

O
O
O/\/NJJ\EE‘I{

I

Formula (XI")

14. The liqud of claim 9, wherein said reactive blocked
diisocyanate 1s blocked by reaction of a polyisocyanate with

an alcohol (meth)acrylate, amine (imeth)acrylate, maleimide,
or n-vinylformamide monomer blocking agent.

15. The liquid of claim 9, wherein said reactive diluent
comprises an acrylate, a methacrylate, a styrene, an acrylic
acid, a vinylamide, a vinyl ether, a vinyl ester, polymers
containing any one or more of the foregoing, and combina-
tions of two or more of the foregoing.

16. The liqud of claim 9, wherein said chain extender
comprises at least one diol, diamine or dithiol chain
extender.

17. The liquid of claim 9, wherein said polymerizable
liquid comprises:

from 5 to 90 percent by weight of said reactive blocked
diisocyanate;

from 5 to 90 percent by weight of said polyol or
polyamine;

optionally, from 1 to 40 percent by weight of said reactive
diluent;

from 5 to 30 percent by weight of said chain extender; and
from 0.1 to 4 percent by weight of said photoinitiator;

from 0.1 to 2 percent pigment when present, and

from 1 to 50 percent filler when present.

18. A polymerizable liquid useful for the production of a
three-dimensional object comprised of polyurethane, polyu-
rea, or a copolymer thereof by additive manufacturing, said
polymerizable liquid comprising a mixture of:

(a) a polyol and/or polyamine,

(b) a reactive blocked diisocyanate chain extender com-
prising a compound of the formula A"-X"-A", where
X" 1s a hydrocarbyl group, and each A" 1s an 1indepen-
dently selected substituent of Formula (X"):

Formula (X")

O O
)‘L R )J\
NN %
H H

where R 1s a hydrocarbyl group, R'1s O or NH, and 7 i1s a
blocking group, said blocking group having a reactive
epoxy, alkene, alkene, or thiol terminal group,
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(c) optionally one or more additional chain extenders,
(d) a photoinitiator,

(¢) optionally a reactive diluent;

(1) optionally a pigment or dye,

(g) optionally a filler, and

(h) a reactive blocked diisocyanate prepolymer, and/or a
reactive blocked diisocyanate.

19. The liquid of claim 18, comprising:

(h) both a reactive blocked diisocyanate prepolymer and
a reactive blocked diisocyanate.

20. The liquid of claim 18, wherein said pigment or dye
1s present and 1s a light absorbing pigment or dye in an
amount of from 0.001 to 10 percent by weight.

21. The liquid of claim 20, wherein said pigment or dye
1S:

(1) titanium dioxide,

(11) carbon black, and/or

(111) an organic ultraviolet light absorber.

22. The liquid of claim 18, wherein said reactive blocked
diisocyanate chain extender comprises a diisocyanate oli-
gomer produced by the reaction of at least one polyisocya-
nate with at least one chain extender.

23. The liquid of claim 18, wherein said reactive blocked
duisocyanate chain extender 1s blocked by reaction of a
diisocyanate oligomer with an alcohol (meth)acrylate, amine
(meth)acrylate, maleimide or n-vinylformamide monomer
blocking agent.

24. The liquid of claim 18, wherein said reactive diluent
comprises an acrylate, a methacrylate, a styrene, an acrylic
acid, a vinylamide, a vinyl ether, a vinyl ester, polymers
containing any one or more of the foregoing, and combina-
tions of two or more of the foregoing.

25. The liquid of claim 1, said reactive blocked diisocya-
nate comprising a compound of the formula A'-X'-A', where
X' 1s a hydrocarbyl group and each A' 1s an independently
selected substituent of Formula (X'):

Formula (X)
O

AKX

where 7 1s a blocking group, said blocking group having a
reactive epoxy, alkene, alkyne, or thiol terminal group.

26. The liquid of claim 10, said reactive blocked prepoly-
mer comprising a compound of the formula A-X-A, where
X 1s a hydrocarbyl group and each A 1s an independently
selected substituent of Formula X:

Formula (X)

J A3

V4 N
H

where R 1s a hydrocarbyl group, R' 1s O or NH, and 7 1s a
blocking group, said blocking group having a reactive
epoxy, alkene, alkyne, or thiol terminal group.
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27. The liquid of claim 18, said reactive blocked diiso-
cyanate comprising a compound of the formula A'-X'-A',
where X' 1s a hydrocarbyl group and each A' 1s an indepen-
dently selected substituent of Formula (X'):

Formula (X')
O

A

where 7 1s a blocking group, said blocking group having a
reactive epoxy, alkene, alkyne, or thiol terminal group; and
said reactive blocked prepolymer comprising a compound
of the formula A-X-A, where X 1s a hydrocarbyl group

and each A 1s an independently selected substituent of
Formula X:

Formula (X)

O O
)J\ R )‘I\
NN Z
H H

where R 1s a hydrocarbyl group, R'1s O or NH, and 7 i1s a
blocking group, said blocking group having a reactive
epoxy, alkene, alkyne, or thiol terminal group.

28. The liquid of claim 19, said reactive blocked diiso-
cyanate comprising a compound of the formula A'-X'-A',
where X' 1s a hydrocarbyl group and each A' 1s an indepen-
dently selected substituent of Formula (X'):
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Formula (X')

P

where Z 1s a blocking group, said blocking group having a

reactive epoxy, alkene, alkyne, or thiol terminal group; and

said reactive blocked prepolymer comprising a compound

of the formula A-X-A, where X 1s a hydrocarbyl group

and each A 1s an independently selected substituent of
Formula X:

Formula (X)

O O
)J\ R )J\
NN R:“{
H H

where R 1s a hydrocarbyl group, R' 1s O or NH, and Z 1s a
blocking group, said blocking group having a reactive
epoxy, alkene, alkyne, or thiol terminal group.

29. The liquid of claim 1, wherein said reactive blocked
prepolymer 1s blocked by reaction of a polyisocyanate
oligomer with an alcohol (meth)acrylate, maleimide, or
n-vinylformamide monomer blocking agent.

30. The liquid of claim 9, wherein said reactive blocked
duisocyanate 1s blocked by reaction of a polyisocyanate with
an alcohol (meth)acrylate, maleimide, or n-vinylformamaide
monomer blocking agent.
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